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ABSTRACT 
Buried glacial aquifers in Minnesota contribute drinking water to many communities 
throughout the state. Vertical leakage through overlying till aquitards is largely unknown, 
causing uncertainty in predicting aquifer sustainability. As part of a study of confined aquifer 
sustainability, the U.S. Geological Survey, Iowa State University, and Minnesota agencies have 
investigated vertical leakage through till aquitards deposited by glacial advances in Minnesota. 
Although estimating leakage involves assessment of aquitard hydraulic properties, previous 
studies show that groundwater geochemistry data in till aquitards can corroborate estimated 
vertical travel times.  
In Phase II (2017-2019) of the study, a rotary-sonic rig was used to install 12 small-
diameter piezometers in nests at the town of Olivia, MN (depths from 13 to 210 ft) and at the 
MN Hydrogeology Field Camp (HFC; depths from 115 to 200 ft) near Akeley, MN. Transducers 
were emplaced to gather evidence of hydraulic head fluctuations, and groundwater samples and 
pore water samples from till cores were analyzed for major and trace elements, anions, nutrients, 
enriched 3H, δ18O, and δ2H. Slug tests were performed to estimate Kh in the till and aquifer tests 
were performed to estimate the bulk Kv of the aquitards. 
Hydraulic data at both sites suggest that groundwater flow is vertically downward. 
Geometric mean Kh values from slug tests were 4x10-3 ft/d in till at Olivia and 3x10-2 ft/d in till 
at HFC. The aquifer test analyses of HFC estimated a minimum Kv of 1x10-2 ft/d and a 
maximum of 3x10-2 ft/d, while the Olivia site aquifer tests were not able to be analyzed due to 
x 
 
 
 
 
 
 
 
 
 
 
reverse water level fluctuations in the till. Travel times of groundwater through the till were 
estimated from the slug test data to be about 216 years and 56 years for the Olivia site and HFC 
site, respectively. The aquifer test results for the HFC site suggest a travel time of about 77 years. 
Stable isotope data supports these travel times and suggest that there is no glacial-age 
groundwater in the till at either of the sites. A possible 3H bomb peak (21.4 TU) in the till at the 
HFC site supports shorter travel times there. Modern 3H concentrations at the Olivia site are 
present in the groundwater only in the shallow part of the till (about 20 ft below land surface). 
Chloride and Cl/Br mass ratio data suggest vertical penetration of anthropogenic contaminants at 
the Olivia site, but they do not corroborate the Darcy’s Law travel times through the till. Redox 
species suggest that the till aquitards at both sites support reducing conditions, and that there are 
stronger reducing conditions at the Olivia site, perhaps because of longer travel times there. 
Analysis of water chemistry type using Piper and Stiff plots show possible evolution from Ca-
Mg-HCO3-type to Na-HCO3-type groundwater at the Olivia site. Groundwater is primarily a Ca-
HCO3-type groundwater at the HFC site, with the exception of one sample which showed Na-
HCO3-type groundwater – possibly a result of bentonite contamination.  
Overall, the research suggests that a vertical recharge/leakage through aquitards occurs to 
underlying sand and gravel (glacial) aquifers, but it is possible that the vertical flux is not high 
enough at the Olivia site to sustain pumping of the aquifer into the future. The study also showed 
that the hydraulics and groundwater geochemistry of the aquitards are quite complex and that 
further studies are needed to understand groundwater flow dynamics in these systems.
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CHAPTER 1: INTRODUCTION 
Background 
Confined aquifers of glacial origin in Minnesota (hereafter termed “glacial aquifers” to 
conform with the United States Geological Survey (USGS) nomenclature) are relied on for 
drinking water by many communities in the state. Since 2014, the sustainability of aquifers at 
four sites has been under investigation by Iowa State University, the USGS Upper Midwest 
Science Center, and Minnesota’s Departments of Health (DOH), Natural Resources (DNR), and 
the Geological Survey (MGS). The focus of this research is primarily to quantify recharge to the 
aquifer via leakage through aquitards, but has also involved characterizing the geochemistry 
(both natural and anthropogenic) of the aquitards and aquifers to assess possible groundwater 
contamination, and estimating the travel time through the aquitards to the underlying aquifers 
through velocity calculations and geochemistry. Funding for the study was supplied by the 
Legislative Citizens Commission on Minnesota Resources (LCCMR).  
Minnesota has a complex glacial history that involves multiple glaciations associated 
with multiple glacial lobes in the Wisconsin Glacial Episode and earlier; thus, establishing truly 
representative sites for this type of study was a challenge. The study was done in two phases, 
each with two field sites. For Phase I, the USGS staff located study areas in the Superior and Des 
Moines lobes, because they represent a large part of the glacial deposits and history of the state 
(Jennings and Johnson 2011). In consultation with the DNR, DOH, and MGS, a list of preferred 
sites was created with preferred sites having source-water protection plans and other previous 
data available. Sites were then located in Litchfield (Des Moines Lobe) and Cromwell (Superior 
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Lobe), where till from those lobes overlie confined glacial aquifers (Figure 1). Phase II of the 
study established a site on the Wadena lobe to the north and in the Des Moines lobe to the south 
of the Litchfield site. The sites are the University of Minnesota Hydrogeology Field Camp site 
(HFC) near Akeley, MN and the site at Olivia, MN, respectively (Figure 1). The Phase II sites 
are the focus of this research. 
Objectives and Motivation 
Groundwater depletion has become an issue in parts of the Midwest, including 
Minnesota. A 2010 report on the availability of water resources in Minnesota examined trends in 
groundwater levels from the 1980’s to 2008 in six groundwater provinces in the state (Minnesota 
Department of Natural Resources 2010). The authors found that groundwater levels in deep 
(confined) aquifers in some metropolitan areas have declined over time and showed increased 
fluctuations from increased groundwater usage during certain seasons. Although Minnesota is a 
water-rich state, there are areas where increased usage is creating water availability problems 
presently and possibly in the future. Land use is also affecting the water quality of groundwater 
from these aquifers, which could also impact drinking water (Minnesota Department of Natural 
Resources 2010). 
Field studies have focused traditionally on unconfined or confined aquifers, while 
ignoring groundwater or geologic data from aquitards, which have been assumed to protect the 
confined aquifers from contamination due to their lower hydraulic conductivity (K). However, 
studies as far back as the 1970’s (e.g., Cherry et al. 1971 and Cherry et al. 1973) have 
demonstrated the importance of understanding the hydraulics and geochemistry of aquitards for 
groundwater contamination studies. More recent interest in aquitards centers on sustainability; 
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i.e., whether enough recharge (leakage) occurs to the underlying confined aquifer to be 
sustainable, compared to the pumping rate of the municipality. Research on hydraulic and 
geochemical properties of both confined aquifers and aquitards confining them has been 
performed in the Midwest, including states such as Wisconsin, Iowa, and Illinois (Simpkins and 
Bradbury 1992; Simpkins and Parkin 1993; Hart et al. 2006) but not in Minnesota until Phase I 
of this project. Three of the four field sites in Phases I and II have confined aquifers used for 
drinking water for municipalities, and data on the sustainability of the aquifers may be necessary 
for future water management decisions. 
The Phase II study sites are located in different environments, with one site (Olivia) in a 
small town surrounded by agriculture while the other site (Hydrogeology Field Camp; HFC) is 
more remote and located in a forested area with many lakes. The Olivia site has a confined 
aquifer used by the municipality and the HFC site has a confined aquifer that is pumped only in 
the summer months for the hydrogeology field course that is taught there. Because the sites are 
in different environments and have different land use, the geochemistry of the groundwater and 
pore water may reflect these differences. In particular, the HFC site could reflect groundwater 
that is less influenced by anthropogenic activities, in contrast to the Olivia site. 
Witt (2017), in Phase I of the larger USGS study, hypothesized that vertical recharge 
(leakage) through till aquitards is small and that groundwater travel times are long, implying that 
vertical recharge to the aquifer is small and will lead to unsustainable groundwater use by the 
municipalities . However, results from her two sites made this hypothesis difficult to test. The 
Cromwell site showed an upward hydraulic gradient, thus negating the possibility of vertical 
groundwater flow to the aquifer. The Litchfield site, which contained two nests of piezometers in 
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the till aquitard, each about a mile from the pumping well, showed significantly different K 
values and responses in the till to pumping of the aquifer. Thus, Phase I results showed that 
aquitard hydraulic properties may vary among till stratigraphic units within glacial lobes in 
Minnesota, as well as spatially within the same till unit over a short distance.  
The overall USGS objectives of Phase II are similar to Phase I objectives, because the 
goals for both are to evaluate the sustainability of the aquifers at four sites. The research 
questions that drive the objectives for this study at the Olivia and HFC sites focus on the 
hydraulic and geochemical aspects of the aquitards. Those research questions are:   
1. What is the vertical flux and groundwater (recharge/leakage) and travel time through 
the aquitard to the underlying confined aquifer? 
2. Are geochemical indicators, namely stable/radioactive isotopes and anions of 
anthropogenic origin, useful to corroborate data in (1)? 
3. What is the major ion geochemistry of groundwater in the aquitards and what can the 
geochemistry tell us about the flow paths in the aquitards? 
The research objectives for this study are as follows: 
1. To estimate the vertical flux (leakage/recharge) and travel times to the aquifer using 
Darcy’s Law with parameters from hydraulic head, slug test, and pumping test data;  
2. To use 3H, δ18O, δ2H isotope data and anthropogenic contaminants (e.g. Cl, Br, NO3-
N) from pore water and groundwater to provide an independent estimate of (1); 
3. To characterize the overall groundwater chemistry using Piper and Stiff plots; 
determine geochemical trends along vertical groundwater flow paths; and assess 
geochemical zones and redox conditions in the aquitards. 
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CHAPTER 2: DESCRIPTION OF STUDY AREAS 
Physical Setting 
The town of Olivia lies in the north central region of the county of Renville, located in 
Minnesota. Olivia was incorporated as a town of Renville county in 1881 and had a census 
recorded population of 2,484 in 2010 (City of Olivia Comprehensive Plan 2015). It has five 
municipal wells and the water system pumps an average of 300,000 gallons/day. The town’s 
water treatment plant removes excess iron, manganese, and methane during the treatment process 
(City of Olivia Comprehensive Plan 2015). 
The Olivia site is located in the west part of town, next to the water tower (Figure 2). The 
site is in the middle of a mix of urban and agriculture land use and is located beside the main 
highway which runs through the middle of the town. There are businesses and agricultural 
industries located along the main highway near the piezometer nest. Housing developments are 
present less than a mile away from the site to the east, and a cemetery is right across from the 
road to the south. Cropland surrounds the town development areas, so that agricultural land 
coincides next to businesses, housing, and industry. A drainage ditch is located less than a 
hundred feet east of the site. Renville County’s surficial geology is dominated by Des Moines 
lobe glacial sediments (Figure 4). The topography is mainly low-relief and, without artificial 
drainage practices, would be poorly drained because of till units or silty and clay rich glacial lake 
sediments present at or near the surface (Jennings and Adams 2013).  
The HFC site is located southeast of Williams Lake, near the town of Akeley in the 
southeast part of Hubbard County, Minnesota (Figure 3). The area is heavily forested, with many 
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lakes, including Tenmile Lake, to the east. Many of the lakes support housing developments and 
there are farms in the area. However, the majority of the land near the field site is forested. The 
HFC site does not have a municipal water system, because the University of Minnesota uses the 
pumping wells only for research and teaching. Groundwater in the confined aquifer is not used 
by residents in the area.  
Hubbard County’s surficial geology is dominated by deposits of the Wadena Lobe, which 
is late Wisconsin in age. Deposits of Des Moines lobe occurs in northeastern areas of the county 
and there overlie Wadena Lobe material (Figure 4). Although Hubbard County’s rapidly 
permeable soils that occur in the southern part of the county require irrigation for crops, the north 
and southeastern areas contain poorly drained soils and tile drainage systems are used 
(Neuenfeldt 2003). The landscape in Hubbard County has local relief that varies from 30-ft 
swales to hills more than 100 ft in elevation when compared to the surrounding area (Neuenfeldt 
2003). The field site exhibits relatively low relief, with surrounding areas showing relief between 
5 and 20 ft higher in elevation by comparison.  
Hydrogeologic Setting 
Glacial Geology 
During the Quaternary Period, Minnesota experienced multiple glacier advances and 
retreats interspersed with interglacial periods. These glacial and interglacial periods began 
approximately 1.2 million calendar years ago and ended approximately 11,000 calendar years 
ago in Minnesota. Lobes of ice extending from the Laurentide ice sheet to the north grew and 
advanced over land during cooler periods, while melting and retreating during warm interglacial 
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periods (Lusardi and Dengler 2017). The ice lobes had flow paths that were influenced by the 
bedrock topography and were often long and narrow in shape (Chernicoff 1983).  
During advance and retreat, the lobes of ice transported and deposited large amounts of 
material. Till (diamicton) is glacial debris consisting of a mix of clast sizes (clay, silt, sand, 
gravel, boulders) that is deposited in large till plains or moraines. Other types of sediment 
deposited by glacier activity include outwash fans from glacial melt, eskers (channels filled with 
sediment) from ice-walled channels within the ice, and glacial lake sediments consisting mostly 
of sand and silt (Johnson et al. 2016; Lusardi and Dengler 2017). The Wisconsin glaciation 
(Hudson Episode), starting at about 75 kA B.P (calendar years), is responsible for most of the 
surficial deposits and landforms in Minnesota. The lobes that advanced covered and/or eroded 
much of the older glacial sediments in the state, although some pre-Wisconsin and Pre-Illinoian 
sediments are present.   
The Des Moines, Superior, and Wadena lobes dominated the Minnesota landscape during 
the glacial maximum of the Wisconsin glaciation (Johnson et al. 2016). The only unglaciated 
part of Minnesota is the southeastern corner, known as the Driftless Area (Lusardi and Dengler 
2017). More lobes and sublobes formed from the Des Moines, Superior, and Wadena lobes as 
they retreated (Johnson et al. 2016). The Des Moines lobe advanced from Minnesota into Iowa at 
its maximum at 13.8 kA B.P. (radiocarbon years; ~17 kA in calendar years) (Hooyer and Iverson 
2002). It flowed from the northwest towards the southeast and, as a result, contains Cretaceous 
shale and carbonate rock from North Dakota and Canada (Lusardi et al. 2011; Lusardi and 
Dengler 2017). The Des Moines lobe deposited the till of the New Ulm Formation (and its 
correlative the Dows Formation in Iowa). It contains six stratigraphic Members that are 
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distinguished mostly by differences in the percentage of carbonate clasts (Lusardi et al. 2011). 
The age range for Des Moines lobe glaciation in Minnesota is 16 kA to 12 kA calendar years ago 
(Knaeble 2006).  
Deposits of the New Ulm Formation cover most of Renville county, the location of the 
Olivia site, as well as the Phase I Litchfield site in Meeker county (Johnson et al. 2016 and Witt 
2017) (Figure 4). In Sibley County, just east of Renville County, the MGS analyzed a glacial 
sediment core to a depth of 250 feet (ft) (Figure 5). Members of the New Ulm Formation 
identified in the core were, from youngest to oldest, Heiberg, Villard, and Moland (Johnson et al. 
2016). Underlying the New Ulm Formation were sediments from the Traverse des Sioux 
Formation, undifferentiated Superior-provenance sediment, and the pre-Wisconsin Good 
Thunder Formation (Johnson et al. 2016). Near the town of Olivia, the surficial sediments are 
mapped as loamy till of the Villard Member (Knaeble 2013).  
The Wadena lobe flowed from the northeast into central Minnesota. Two “phases” 
known as the Alexandria and Itasca phases have been identified. The Alexandria phase 
represents the first ice advance and the Itasca phase is associated with a later, second ice advance 
(Knaeble and Hougardy 2018). Deposits of both phases are contained in the Hewitt Formation, 
which shows an estimated age of 31 kA B.P. (radiocarbon years). This age suggests that the 
Wadena lobe was actively depositing sediments in the early part of late Wisconsin time (Johnson 
et al. 2016). Till of Hewitt Formation contains carbonate clasts, but no shale, and usually has a 
sandy loam texture (Knaeble and Hougardy 2018). The Hewitt Formation is not subdivided into 
members, but units may be associated with the Alexandria phase or the Itasca phase (Figure 6) 
(Knaeble 2018).  
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Surficial geology in Hubbard County consists primarily of deposits from the Wadena 
lobe – primarily outwash or till of the Hewitt Formation (Figure 4). The younger Itasca phase 
sediments are the surficial deposits and the older Alexandria phase sediments are present 
stratigraphically below them for most of Hubbard county (Figure 6). For both phases, there 
appear to be multiple till units deposited from multiple ice advances, but these are difficult to 
distinguish via traditional stratigraphic tools of texture and lithologic composition. However, the 
till units can be distinguished by sand body contacts and stratigraphic position (Knaeble 2018).  
Bedrock Stratigraphy and Topography 
Renville County (Olivia site) is located atop two fault-bounded blocks of Precambrian 
bedrock – the Montevideo block (containing the Montevideo Gneiss) in the north and the Morton 
block (containing the Morton Gneiss) to the south (Figure 7). To the north of Olivia, northeast to 
southwest-trending shear zone (Yellow Medicine shear zone) is present between the two bedrock 
blocks. The bedrock stratigraphy in the subsurface consists of foliated Archean leucogranite and 
pegmatite overlain by undifferentiated clay and shale from the Upper Cretaceous (Jirsa et al. 
2013). A bedrock valley trends west to east across Renville County, with the Olivia site falling in 
the center of the valley (Figure 8). The bedrock elevation near Olivia ranges between 650 to 800 
ft above mean sea level (MSL), and the depth from the surface to bedrock varies between 500 to 
300 ft to the south and southwest of Olivia and between 350 to 200 ft in other directions 
(Setterholm 2013). Renville county does have Cretaceous bedrock aquifers, but Olivia does not 
have any recorded nearby (Bradt 2017). 
Bedrock in Hubbard County is composed of Precambrian metamorphic and intrusive 
rocks that may be overlain by Cretaceous sedimentary rocks, including sandstone and mudstone. 
 
 
 
 
 
 
 
10 
At the HFC site, bedrock consists of granitic to granodioritic rocks overlain by Cretaceous clay, 
shale, and kaolinitic sandstone (Figure 9). The elevation of the bedrock near the site is between 
900 to 1000 ft above MSL, and the depth from land surface to the bedrock varies from 500 to 
350 ft around the HFC site (Figure 10) (Chandler and Radakovich 2018). There is a bedrock high 
of 1000 to 1100 feet above MSL west-southwest from the site, and a low of 750 to 850 feet 
above MSL to the north of the site. The bedrock underlying the site is part of a downward-
sloping bedrock surface to the north (Figure 10).  
Groundwater in Confined Aquifers 
Because most of the bedrock is Precambrian crystalline rock in Renville county, aquifers 
in the bedrock are generally the result of secondary porosity from fractures. Wells in those 
environments often utilize a very long screened interval or an open hole (Bradt 2017). But, 
overall, there is little information on the potentiometric surface of the groundwater in the 
bedrock aquifers. The Geologic Atlas of Renville County contains hydrogeologic information on 
sand and gravel aquifers that are stratigraphically above the bedrock surface. For these aquifers, 
the potentiometric surfaces vary between 850 to 1100 ft ASL (Johnson 2017). The overall trend 
is for a higher potentiometric surface to occur in the area northeast of Renville and a decline of 
the potentiometric surface closer to the Minnesota River.  
A cone of depression in the potentiometric surface to 1025 ft ASL occurs in the town of 
Olivia, where the surrounding area has a potentiometric surface of 1050 ft ASL (Figure 11). The 
city has production wells in two sand and gravel (confined) aquifers directly above bedrock 
(referred to as s5 and sz in the Geologic Atlas of Renville County; Bradt 2017). Pumpage from 
both these sand and gravel aquifers, in addition to production from the sz confined aquifer which 
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supplies groundwater to the city’s golf course, is thought to be the cause of the cone of 
depression (Bradt 2017). The s5 confined aquifer is the aquifer in this study at the Olivia site. 
The cone of depression also appears to affect a shallower confined aquifer, referred to as s4 in 
the Geologic Atlas of Renville County. It is not used as a production well by the City of Olivia 
but is stratigraphically close to and possibly hydraulically connected to the s5 aquifer (Bradt 
2017).  
In Hubbard County, there is little to no information on the potentiometric surface of 
bedrock aquifers or other confined aquifers. Zwilling et al. (1989) indicated that Hubbard County 
has a Cretaceous aquifer in part of the county. Thus, there may be wells in that bedrock aquifer 
in Hubbard county as well as sand and gravel aquifers, but hydraulic information on these 
aquifers is very limited.  
Hydrography 
The Olivia site is located in the Hawk Creek watershed, which drains to the Minnesota 
River (Boettcher 2017). The only surface water body (other than artificial ponds) in Olivia is the 
East Fork Beaver Creek, which runs through the town of Olivia and to the west and north of the 
field site (Figure 2). It is approximately 1000 ft to the north of the piezometers and 
approximately 1600 ft to the west of the piezometers. East Fork Beaver Creek flows south and 
joins with the West Fork Beaver Creek south of the town of Olivia. 
In contrast, the HFC site is dominated by numerous natural (glacial) lakes (Figure 3). The 
closest lakes are Williams Lake, about 1000 ft to the northwest of the HT piezometer nest, and 
Crystal Lake, about 1500 ft to the south. Williams Lake is 0.15 mi2 in area and has a maximum 
depth of 34 ft (Minnesota Department of Natural Resources 2019). No area and depth data are 
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available for Crystal Lake. The HFC site is located in the Leech Lake River watershed, which is 
part of the Upper Mississippi River Basin (West et al. 2017). No major creeks or rivers are 
located by the field site.  
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CHAPTER 3: PREVIOUS WORK 
Buried Sand and Gravel Aquifers 
Hydrogeology 
Minnesota’s groundwater has been investigated for geological and hydrogeological 
properties beginning in the late 1800’s to early 1900’s as mineral exploration began in the Iron 
Range and along the North Shore. It was during the 1960s that state and federal government 
departments entities such as the Minnesota Geological Survey, Department of Natural 
Resources, Department of Health and the USGS Minnesota District began to research the 
groundwater resources in Minnesota, primarily because of concerns about groundwater supply 
and quality. Environmental concerns and legislation passed in the 1970s, in addition to a severe 
drought in the late 1980s, spurred research on the groundwater supply in aquifers in the state 
(O’Dell 2007). 
Adolphson et al. (1981) classified and categorized 14 aquifers used for groundwater in 
the state into two broad categories: glacial deposits and bedrock (Figure 12). Buried sand and 
gravel aquifers of glacial origin are one of those aquifers (Adolphson et al. 1981). Many of these 
sand and gravel aquifers are part of the larger glacial aquifer system (as defined by the USGS) 
deposited during the Quaternary period in North America (Reeves et al. 2017). The glacial 
aquifer system spans from west to east from Washington to Maine, and from north to south from 
Alaska to almost the southern tip of Illinois (Warner and Ayotte 2014). In the Midwest, sand and 
gravel aquifers in Minnesota, Iowa, Illinois, and Wisconsin, as well as parts of North Dakota, 
South Dakota, and Nebraska are considered part of the glacial aquifer system.  
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Well yields and K values of buried sand and gravel aquifers make them ideal source of 
water for municipal and agricultural water supplies, especially in central and southwest 
Minnesota in rural communities (Adolphson et al. 1981; Lindgren 1997). A typical well yield 
from this aquifer in Minnesota ranges from 10 to 1000 gallons per minute (gpm) (Adolphson et 
al. 1981). Estimates of K in aquifers in west-central Minnesota ranged from 10 to 750 ft/d 
(Lindgren 1997). In Phase I of this project, Witt (2017) showed K values of 20 ft/d and 170 ft/d 
for two different buried sand and gravel aquifers at the Litchfield and Cromwell sites. It is 
important to note that with discussions of K values, that except where indicated, K (with no 
subscript) represents the horizontal component of K (Kh). Where both Kh and Kv are discussed, 
they represent the horizontal and vertical components of K, respectively. 
Glacial depositional environments that formed the buried sand and gravel aquifers (and 
the till aquitards) are known to produce complex sedimentary facies and unique sediment 
geometries. These sediments tend to be heterogeneous both vertically and horizontally, because 
the glaciers advance and retreat through time (Anderson 1989). Outwash deposits that comprise 
these aquifers are often discontinuous lenses surrounded by till (Adolphson et al. 1981). This 
relationship leads to uncertainty about the size and sustainability of these aquifers. For example, 
Delin (1986) found that confined sand and gravel aquifers in a 1,380 mi2 area of western 
Minnesota varied in thickness from 10 to 114 feet. Thickness differences in till aquitards or their 
lithologic composition can affect where recharge occurs on the surface and the recharge rates to 
these aquifers. 
Although the well yields of these aquifers are sufficient for some Minnesota 
communities, long-term sustainability issues can arise because of the small size of the aquifer or 
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low groundwater recharge rates. Strain on the water supply can be the result of the water demand 
exceeding the recharge rate to the aquifer, or from reduction of the recharge rate to the aquifer 
due to climate. Many groundwater studies of confined sand and gravel aquifers in Minnesota 
have been initiated in response to increased pumping from agricultural or municipal users or in 
cases where future increases of pumping are a concern (Delin 1986; Lindgren 1996; Lindgren 
2002).  
Recharge rates are affected by many factors, including the amount of precipitation, the 
land use/cover, aquifer properties, soil properties, geomorphology, evapotranspiration, and 
climate. Smith and Westenbroek (2015) estimated the potential annual recharge to the water 
table in Minnesota and show that it varies throughout the state (Figure 13), but the mean annual 
potential recharge from 1996 to 2010 was 4.9 in/yr. However, this value does not represent the 
actual recharge (leakage) to bedrock or buried sand and gravel aquifers.  
Recharge to confined aquifers is controlled by the leakage rate through the aquitard, 
which can lead to long travel times for the recharge and a lag in the response to precipitation 
events for confined aquifers. However, pumping has been shown to induce groundwater flow 
from shallow aquifers to deeper confined aquifers, which, in some areas of the United States, is 
exceeding the recharge rate for the aquifers and creating groundwater deficits (Russo and Lall 
2017). Witt (2017) showed that vertical recharge rates to the buried sand and gravel aquifer at 
Litchfield, MN could range from 0.34 to 78 in/yr, based on hydraulic properties and downward 
hydraulic gradient in the aquitard. The 78 in/yr value is unrealistic in comparison to the annual 
precipitation in the area and the estimated recharge to the water table of 8 in/yr (Smith and 
Westenbroek 2015). And, not every aquitard shows a downward hydraulic gradient to the 
 
 
 
 
 
 
 
16 
underlying confined aquifer. The piezometer nest installed in the buried sand and gravel aquifer 
near Cromwell, MN was found to have an upward gradient from that aquifer through the 
aquitard, in addition to a slight upward gradient from a slate aquifer below the buried sand and 
gravel aquifer (Witt 2017).  
Groundwater geochemistry and water quality 
Characterizing groundwater geochemistry is useful for studying how geochemistry 
evolves within geologic units as a function of residence time along a groundwater flow path and 
to understand anthropogenic influences (Blanchette et al. 2010). Piper plots (Piper 1944) and 
Stiff diagrams (Stiff 1951) provide a method to examine major cations (Ca, Mg, Na, and K) and 
anions (CO3, HCO3, SO4, Cl, F, NO2-N, and NO3-N) to define groundwater types or 
hydrochemical facies. The cations and anions in those diagrams account for most of the charge 
balance in the groundwater (Ging et al. 1996). Buried sand and gravel aquifers in Minnesota 
have shown CaMg-HCO3-type groundwater (Adolphson et al. 1981). Groundwater from glacial 
aquifers in Poland were dominated by CaMg-HCO3-type groundwater as well (Dragon and 
Gorski 2015). A study done in northwestern Minnesota used stiff diagrams to observe trends in 
cation and anion concentrations along flow paths in aquifers, and found that there was an 
increase in Na and Cl from east to west along regional flow paths, most likely related to 
groundwater residence time and possible leakage from underlying Cretaceous and Paleozoic 
geologic material (Lindgren 1996). Water quality problems in the North American glacial 
aquifer system include anthropogenic contaminants such as NO3-N, pesticides, and salts (NaCl) 
or contaminants from geological sources such as As, Mn, and U (Warner and Ayotte 2014). 
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Other analytes of interest include those that are involved in redox reactions, such as NO3-N, Fe, 
Mn, SO4, and As.  
Previous research on anthropogenic contaminants in Minnesota has shown that buried 
sand and gravel aquifers contain higher than ambient concentrations of NO3-N, NO2-N, and Cl 
(Albin and Bruemmer 1986; Stark et al. 1991). Nitrate-N can be leached from animal waste or 
nitrogen-based fertilizer (Kroening and Ferrey 2013; Bourke et al. 2019). Natural sources of 
NO3-N in groundwater can occur in areas where cultivation of native prairie is occurring, 
sometimes as a result of oxidation of NH4 (Hendry et al. 1984). The NO3-N may also form from 
organic-rich sediments containing organic N, which is then altered to NH4 if diagenesis is 
occurring (Rodvang and Simpkins 2001). Anthropogenic Cl contamination in groundwater in the 
Midwest may come from road salts, landfills that have food waste and products containing salt, 
water softeners, septic systems, sewers, and agricultural use (Mullaney et al. 2009).  
Concentration of Nitrate-N from natural sources is generally low and background 
concentrations are 1.1 mg/L or less (Kroening and Ferrey 2013). Aquifers most affected by NO3-
N contamination are shallow sand and gravel aquifers underlying agricultural areas (Kroening 
and Ferrey 2013). For confined sand and gravel aquifers, the till aquitard can be an environment 
of denitrification if anoxic conditions occur there (Simpkins and Parkin 1993; Rodvang and 
Simpkins 2001; Dragon 2013). In USGS studies of the glacial aquifer system, about 90 percent 
of the samples taken from areas where fine-grained and organic-rich sediment was present above 
the aquifer lacked NO3-N concentrations exceeding the 10 mg/L U.S. EPA MCL concentration 
(Warner and Ayotte 2014).  
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Water resources have been affected by road salt use throughout the upper Midwest U.S., 
particularly in Minnesota. Salt use in the U.S. has been increasing due to road deicing activities 
since the 1950s. Elevated Na and Cl concentrations, presumably from road salt, have been found 
in the USGS-studied glacial aquifers, and streams associated with those aquifers have also shown 
upward trends in Cl concentrations (Mullaney et al. 2009). Residential areas show higher Cl 
concentrations in groundwater compared to rural or agricultural areas (Eckhardt et al. 1989). 
However, Cl contamination can come from animal feed, fertilizers, and pesticides in agricultural 
environments (Mullaney et al. 2009). Potassium as a nutrient is added as KCl to farm fields, 
which increases Cl but not Na concentrations in groundwater and surface water (Mullaney et al. 
2009).  
Chloride and Br ions are ideal conservative tracers of contamination, because neither has 
significant ion exchange reactions at low temperatures, both are very soluble, not usually 
adsorbed to mineral surfaces, and only form minerals during extreme evaporation. Both have 
small ionic sizes and are hydrophilic (Alcalá and Custodio 2008), although Cl is slightly less 
soluble in water compared to Br (Katz et al. 2010). Determining background concentrations of Cl 
is important to assessing anthropogenic contamination. Background Cl concentration in aquifers 
in Minnesota are about 3 mg/L (Sander et al. 2008). Confined aquifers in southwestern 
Minnesota and southeast South Dakota were found to range in Cl concentration from 2.2 
(probably background) to 10 mg/L (Lindgren 1997). Concentration of Cl in the buried sand and 
gravel aquifer at the Cromwell site (Phase I) showed a concentration of 1.25 mg/L, which is 
presumably a background concentration (Witt 2017). In contrast, groundwater at the Litchfield 
site (Phase I) had a Cl concentration of 13.53 mg/L, which is above background concentrations. 
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Aquifers in developed areas in Minnesota show concentrations from 50 to 80 mg/L (Sander et al. 
2008). In Minnesota, about 0.04 to 0.64 ton/mi2 of Cl is deposited each year via precipitation 
(Mullaney et al. 2009).  
Some areas of Minnesota show unusually high Cl concentrations in aquifers. 
Northwestern Minnesota, near Traverse County and northward to the Canadian border, shows Cl 
concentrations of up to 2,000 mg/L in sand and gravel and sedimentary bedrock aquifers. This is 
the result of upward transport from the deeper Red River-Winnipeg aquifer, an aquifer known 
for its high salinity groundwater (Ruhl and Adolphson 1986). Cretaceous aquifers in 
southwestern and south-central Minnesota may also have high Cl concentrations, some up to 
1,500 mg/L (Kroening and Ferrey 2013). It should be noted here that the ice paths of the Des 
Moines lobe that affected the Litchfield site (Phase I) and potentially the Olivia site would have 
passed over one or both of these areas. In addition, the Pierre shale contains halite and potentially 
trapped pore fluids containing Cl (Von Damm 1989; Verplanck et al. 2003).   
Chloride and Cl/Br mass ratios have been used to investigate groundwater contamination 
anthropogenic sources (Davis et al. 1998), mostly from septic tank and road salt contamination 
(Katz et al. 2010). Studies have also used Cl/Br mass ratios to study possible origins of 
groundwater by comparing groundwater and precipitation Cl/Br mass ratios and identifying flow 
paths that interact with lithologies that increase salinity (Alcalá and Custodio 2008). Research 
has found that uncontaminated, pristine groundwater from different study sites around the world 
can have similar Cl/Br mass ratios (Davis et al. 1998), and that contamination can increase the 
Cl/Br mass ratio above what is found in pristine water (Katz et al. 2010). Chloride is 40 to 8,000 
times more abundant than Br (Katz et al. 2010) 
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  Variations in Cl/Br mass ratios suggest different source waters and/or contamination. 
Anthropogenic wastewater is influenced by Cl present in human waste and may show Cl/Br 
ratios greater than 400. Cl/Br mass ratios greater than 300 in groundwater were found to be 
associated with high total coliform counts and enteric viruses, thus suggesting anthropogenic 
influences (Katz et al. 2010). Environmental factors, such as wind speed, humidity, vegetation, 
and evaporation, may affect Cl and Br concentrations in precipitation (Alcalá and Custodio 
2008). In the Midwest U.S., Cl/Br mass ratios in precipitation may be as low as 20 to 56, while 
they may be 290 near oceans where they are reflective of the normal ocean water ratio (Brown et 
al. 2009).  
Groundwater studies in aquifers in Minnesota show background Cl concentrations as well 
as evidence of anthropogenic contamination from Cl/Br ratios. For example, results from 91 
samples of groundwater at depths less than 100 ft to greater than 200 feet have been reported for 
Renville County (Geological Atlas of Renville County; Bradt 2017).  Chloride concentrations 
above 5 mg/L, combined with a Cl/Br ratio above 200, suggests that anthropogenic 
contamination of groundwater occurs in the county (Bradt 2017). Other studies in Minnesota cite 
a Cl/Br mass ratio of 250 or above (Berg 2018) or a minimum mass ratio of 300 (Kroening and 
Ferrey 2013) as evidence of anthropogenic contamination. Groundwater from the buried sand 
and gravel aquifer at the Litchfield site showed a Cl/Br mass ratio of 280, suggestive of 
contamination. In contrast, groundwater in sand and gravel at the Cromwell site showed a mass 
ratio of 120 (Witt 2017), which is below threshold for contamination. 
Sodium is associated with Cl on a 1:1 basis if the source of both is halite (NaCl); 
however, there are natural sources of Na in groundwater include mineral weathering products 
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(Crawford and Lee 2015). Groundwater sampled further along a long flow path in deeper 
aquifers will generally contain higher Na concentrations compared to shallower aquifers, because 
of the long residence time for rock-water interactions and cation exchange (Panno et al. 2006). 
Groundwater can evolve from a Ca-HCO3 types to a Na-Cl type water in these situations 
(Lindgren 1996). Cation exchange occurs where Ca and Mg in the groundwater are exchanged 
for Na that is present in clay minerals (e.g., Na-montmorillonite) or adsorbed to rock and 
sediment (Bartos and Ogle 2002). Sodium concentrations in aquifers in Minnesota can range 
from 100 to 1000 mg/L, which is thought to be due cation ion exchange and perhaps high Na 
groundwater from the Cretaceous aquifers in the western part of the state (Albin and Bruemmer 
1986).  
A USGS study examining groundwater in forested, urban, and agricultural land use areas 
in the northern U.S. in buried sand and gravel (glacial) aquifers included Minnesota (Mullaney et 
al. 2009). It showed that groundwater in forested land had a median Na concentration of 4.1 
mg/L, urban areas had a median Na concentration of 26 mg/L, and agricultural areas had a 
median Na concentration of 6.3 mg/L. Although there is no Federal Drinking Water Advisory for 
Na, there is a standard of 20 mg/L if an individual is on a low Na diet of 500 mg/d (Mullaney et 
al. 2009). Finally, groundwater from the buried sand and gravel aquifer at the Litchfield site 
(Phase I) showed a Na concentration of 9.91 mg/L. At the Cromwell site, groundwater in the 
sand and gravel aquifer showed a concentration of 6.96 mg/L (Witt 2017). 
Phosphorus in groundwater may be of geologic origin or from anthropogenic sources and 
may be useful as a tracer of contamination. Anthropogenically-derived P in groundwater may 
come from fertilizer (Burkart et al. 2004) or from municipal waste (Minnesota Pollution Control 
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Agency 1999). Phosphorus concentrations in Minnesota groundwater have been found to be 
strongly related to geology, rather than to land use. Rocks and sediments containing P-bearing 
minerals weather and contribute P to groundwater. For example, sand and gravel aquifers in 
Minnesota deposited by glacial lobes that advanced from the west/northwest tend to contain 
higher P concentrations because of the presence of carbonate and shale lithologies. This is 
compared to aquifer sediment deposited by glacial lobes that advanced from the northeast, which 
tends to have more igneous and metamorphic lithologies (Kroening and Ferrey 2013). Evidence 
of this comes from the Phase I sites at Litchfield (Des Moines lobe – NW source) and Cromwell 
(Superior lobe – NE source). Groundwater from the sand and gravel aquifer at the former 
showed a PO4-P concentration of 0.1131 mg/L, whereas and groundwater from the sand and 
gravel aquifer at the latter showed a PO4-P concentration of 0.007 mg/L (Witt 2017).  The 
median concentration of P in Minnesota groundwater is about 0.030 mg/L, whereas most 
groundwater shows a concentration < 0.1 mg/L. Groundwater in a well affected by landfill 
leachate showed a P concentration > 1 mg/L (Kroening and Ferrey 2013). 
The redox state in groundwater may provide additional evidence for residence time and 
the geochemical nature of flow systems. Elements pertaining to oxidation and reduction states 
(redox) include N, Mn, Fe, S, and molecular oxygen (O2). To oxidize organic C, microbes in the 
subsurface prefer dissolved O2 if it is available, because it the most energy efficient electron 
acceptor (National Water Quality Assessment Program 2009). If dissolved O2 has been 
consumed, then the following alternate electron acceptors (ordered from most to least energy 
efficient) are used: nitrate (NO3), manganese [Mn(IV)], ferric iron [Fe(III)], sulfate (SO4), and 
then carbon dioxide (CO2; National Water-Quality Assessment Program 2009). The byproducts 
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of reduction reactions are N2O and N2, [Mn(II)], ferrous iron [Fe(II)], hydrogen sulfide (H2S), 
and methane (CH4; National Water-Quality Assessment Program 2009). Zones may occur in the 
subsurface where one electron-accepting process dominates (National Water-Quality Assessment 
Program 2009). Zones that commonly form in recharge areas of aquifers start with dissolved O2 
reduction near the start of the groundwater flow path (nearer to the surface), followed by a zone 
of NO3 reduction below, followed by a zone of Fe(III) reduction, and then the deepest zone is 
usually one of SO4 reduction or possibly methanogenesis (McMahon et al. 2011; Figure 14). 
These zones generally occur along groundwater flow paths, and increasing residence time (age) 
in a groundwater system cause the exhaustion of multiple alternate electron acceptors, ultimately 
producing strongly reducing conditions (Simpkins and Parkin 1993). 
Sulfate concentrations may have natural or anthropogenic sources in groundwater. 
Naturally occurring SO4 in groundwater is related to mineral dissolution, often from gypsum that 
can be present in limestone and sandstone, as well as weathering of pyrite from shale (Crawford 
and Lee 2015). Pyrite is present in Minnesota in calcareous glacial deposits (western and 
northwestern sources) and in the Iron Range soils (Kroening and Ferrey 2013). Anthropogenic 
sources of SO4 include precipitation, cement, commercial fertilizers, wallboard, and soil 
amendments used on clayey soils (Kroening and Ferrey 2013). High concentrations of SO4 that 
exceed 250 mg/L (the EPA secondary drinking water standard) occur in groundwater in 
Cretaceous aquifers and the glacial deposits that overlie them (Albin and Bruemmer 1986). 
Groundwater in southwestern and northwestern Minnesota may have SO4 concentrations that can 
reach 1700 mg/L, due to sulfur-rich minerals in the sediment and rock, as well as groundwater 
flow emanating from North and South Dakota, which can be high in SO4 (Kroening and Ferrey 
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2013). Groundwater concentrations in Renville County (Olivia site) suggest naturally occurring 
SO4 (Bradt 2017). In groundwater from the sand and gravel aquifer at the Litchfield site, sulfate 
was found to be 48 mg/L. Groundwater in the sand and gravel aquifer at the Cromwell site 
showed a much lower concentration of 0.63 mg/L (Witt 2017). In and around Hubbard County 
(the HFC site) the SO4 concentration in groundwater is usually < 10 mg/L. Aquifers in the south-
central and western areas of the state, nearer to Renville County (the Olivia site), were more 
variable, with SO4 concentrations exceeding 250 mg/L in counties south of Renville County 
(Kroening and Ferrey 2013). 
Dissolved Fe and Mn concentrations in groundwater are the product of rock weathering 
and subsequent reduction of oxide minerals as part of the alternate electron acceptor process 
described earlier. For example, Fe can come from magnetite and hematite, and Mn from 
manganese oxide minerals. Reducing conditions may allow reaction of these ions with reduced 
sulfur compounds in groundwater and precipitate sulfide minerals (Simpkins and Parkin, 1993). 
Dissolved Fe and Mn concentrations in Minnesota groundwater are not significantly affected by 
land use, but are correlated with low dissolved O2 concentrations (Kroening and Ferrey 2013). 
There is a significant difference in Fe concentrations between sand and gravel aquifers with 
calcareous sediments, where the median concentration was 0.036 mg/L, and sand and gravel 
aquifers with more siliceous sediments, where the median was 1x10-6  mg/L (Kroening and 
Ferrey 2013). At the Litchfield and Cromwell sites, the sand and gravel aquifers had Fe 
concentrations of 2.15 mg/L and 1.24 mg/L, respectively (Witt 2017). The Mn concentrations 
were 0.37 mg/L and 0.093 mg/L in the buried sand and gravel aquifers at Litchfield and 
Cromwell, respectively (Witt 2017). Land topography (i.e. position in the groundwater flow 
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system) may also influence concentrations. Groundwater recharge zones at topographical highs 
usually have less Fe and Mn, but groundwater discharge areas at topographical lows usually have 
higher concentrations of Fe and Mn. The relationship to recharge and discharge areas is also 
related to residence time, where groundwater flow at lower velocity (and increased residence 
time) can increase Fe and Mn concentrations (Johnson et al. 2018).   
Environmental Isotopes 
The stable isotopes of oxygen and hydrogen and radioactive tritium, known collectively 
as environmental isotopes, have been used since the 1970s as tracers of groundwater flow and for 
groundwater dating (Freeze and Cherry 1979; Clark and Fritz 2015). Because they are part of the 
water molecule, these isotopes are ideal conservative tracers for groundwater (Hunt et al. 2005). 
Because 18O and 16O (and likewise 2H and H) fractionate as water from the oceans becomes 
meteoric water and is precipitated on continents, that signal is often recorded in groundwater 
recharge from precipitation (Yeh and Lee 2018). Colder climates tend to deplete 18O and 
deuterium (2H) in precipitation preferentially, due to the heavier isotopes precipitating out under 
colder temperatures. This leads to increased fractionation and lower δ18O and δ2H values (Clark 
et al. 2000). Deuterium and 18O (δ2H and δ18O) can be used to determine origins of groundwater 
(Drimmie et al. 1991) and for estimating recharge temperatures (Rowe et al. 1999). The 
abundance of tritium (3H), which was released in large amounts into the atmosphere during 
hydrogen bomb testing that occurred mostly between 1952 and 1963, has been used to date 
groundwater qualitatively since the 1970s. However, the usefulness of this isotope has declined 
over the years because activities have reached pre-1952 (background) concentrations or are being 
affected by tritiogenic contributions from nuclear reactors (Simpkins 1995). More exact dating 
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can still be accomplished in the time since 1952 by using both 3H and its daughter product 3He 
(Schlosser et al. 1988). 
Different sources of recharge and differing climates can affect the isotopic composition 
of the groundwater in sand and gravel aquifers. Groundwater sourced from precipitation will 
show a meteoric isotopic signature and lie along the Global Meteoric Water Line (GMWL; Craig 
1961). Groundwater sourced from lakes, wetlands, streams, and other surface waters will show 
the effects of fractionation due to evaporation of the lighter isotope, resulting in water that is 
more enriched in the heavier isotope (Clark and Fritz 2015).  Recharge during the Pleistocene 
Epoch from ice sheets and the associated cooler climate will show lower δ18O and δ2H values, 
sometimes near the value of solid ice at δ18O = -32‰ and δ2H= -246‰, but may still plot near or 
on the GMWL (Clark et al. 2000; Ferguson and Jasechko 2015). Person et al. (2007) suggested 
that the δ18O values of the Laurentide ice sheet was between -25 to -9 ‰, depending on the 
source used to estimate the values. They used an estimate from ancient wood cellulose sampled 
across North America, which suggested an δ18O range of -16.6 to -12 ‰. Other studies have 
shown Laurentide-ice-sheet-sourced water ranging from -25.1 ‰ in Northern Alberta to -12.5 to 
-18 ‰ in Midwestern states including Iowa, Michigan, and South Dakota (Ferguson and 
Jasechko 2015). However, it should be noted that there is no evidence in Iowa of these lower 
isotopic values in groundwater (Simpkins and Parkin 1993; Eidem et al. 1999). Seasonal changes 
can also be seen in meteoric water recharge to groundwater, in particular where environments 
with large seasonal temperature fluctuations may produce seasonal isotopic signals in 
precipitation (Jasechko et al. 2014).  
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In Minnesota, groundwater isotopic signatures may vary over the state area because of 
different sources or recharge, seasonal changes, and differing climates during the time the 
groundwater was recharged. In Renville County (Olivia site), groundwater in both unconfined 
and confined sand and gravel aquifers is dominated by modern precipitation signatures. Most 
groundwater samples plot on or near the GMWL of -7 to -12 δ18O ‰ and -50 to -90 δ2H ‰ 
(Bradt 2017). In contrast, groundwater from aquifers in Clay County, which is west of Hubbard 
county, showed more variability in their source. Groundwater from wells plotted along the 
GMWL for more modern (post-glacial) precipitation, but some groundwater from areas confined 
by lacustrine clay from Glacial Lake Agassiz had an isotopic signature suggestive of glacial 
meltwater, with δ18O values of  -18 to -24 ‰ and δ2H values of -140 to -180 ‰  (Berg 2018). 
There was also groundwater present that was suggestive of a mixture of glacial meltwater and 
more modern precipitation, with δ18O values of -14 to -18 ‰ and δ2H values of -100 to -140 ‰ 
(Berg 2018). A few of the aquifers showed groundwater with an evaporative isotopic signature 
and plotted on an evaporation line with the same range of values as modern precipitation (Berg 
2018). The sand and gravel aquifers at the Litchfield and Cromwell sites were found to have only 
modern precipitation signatures in groundwater, suggesting that any glacial-age water has been 
flushed from the aquifers since deglaciation (Witt 2017). 
Tritium has also been useful in the study of global hydrologic cycle of water, as well as 
groundwater age dating (Schlosser et al. 1988). Tritium has a half-life of 12.32 years, and 3H 
decay curves can be used to qualitatively estimate the age of groundwater if 3H is present 
(Lindsey et al. 2019), but only if the local atmospheric 3H input history is known (Simpkins 
1995) . Tritium is reported as tritium units (TU), where one TU is the ratio of one 3H atom to 
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1018 hydrogen atoms. Groundwater 3H peaks related to the Cold War era have a 3H concentration 
of about 15 TU or greater today, according to Berg (2019). Although Berg (2019) states that 
recent 3H concentrations in groundwater are usually between 8 to 15 TU, while mixed 
groundwater of recent and vintage sourced are usually between 1 to 8 TU, current 3H inputs as of 
2017 can actually be in the range of 5 to 7 TU (Witt 2017). Concentrations less than or equal to 1 
TU (actually the detection limit is <0.8 TU ) are evidence of groundwater that is older than 1953 
(Berg 2019).  
Although aquitards decrease groundwater recharge to underlying sand and gravel 
aquifers, studies have shown that 3H in confined aquifers may indicate more modern recharge 
and faster leakage rates through the aquitards. A USGS study of 3H in the principle aquifers of 
the United States showed that although unconfined aquifers of glacial origin did contain modern 
amounts of 3H in groundwater, confined aquifers had the highest proportion of premodern (pre-
bomb testing) 3H amounts in groundwater samples (Lindsey et al. 2019). However, Miller and 
Bugliosi (2013) found 3H present in all three of the aquifers confined by glaciolacustrine and till 
units (a stratified drift aquifer system) in a study done in New York. They estimated that the 
deepest confined aquifer contained groundwater that recharged before the 1940’s to the early 
1960’s, and that the middle and upper confined aquifers had groundwater that was recharged in 
the 1970’s or younger.  
Studies by Bradt (2017) in Renville County showed that buried sand and gravel aquifers 
were found to mostly have mixed and vintage (1-8 TU) and recent (8-15 TU) 3H concentrations 
in shallow confined aquifers down to an average depth of 116 ft BLS, but that deeper confined 
aquifers with average depths from 167 ft to 316 ft BLS mostly had groundwater that was pre-
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bomb (≤ 1 TU). Similar 3H results were found in Clay County groundwater. Shallow, confined 
aquifers contained mainly mixed or recent 3H concentrations, but most of the deep confined 
aquifers had vintage concentrations (Berg 2018). By comparison, the confined aquifer 
groundwater at the Litchfield site (Phase I) showed a 3H concentration of 7.71 ± 0.8 TU at 
piezometer nest 1 where a 3H “bomb peak” was also observed in the overlying aquitard. 
However, there was no 3H peak present in groundwater in the aquitard or in groundwater in the 
confined aquifer at piezometer nest 2 (Witt 2017). At the Cromwell site (Phase I), a 3H 
concentration of 5.89 ± 0.8 TU was observed in groundwater in the underlying sand and gravel 
aquifer. However, because the vertical hydraulic gradient at the site is upward and the 3H 
concentrations in the overlying aquitard were below the detection limit, vertical recharge from 
the surface through the aquitard is not likely to have transported the observed 3H downward to 
the aquifer. The 3H concentration of 7.71 ± 0.8 TU in the sand and gravel aquifer is most likely 
from another source (Witt 2017). 
Till Aquitards 
Hydrogeology 
Hydraulic properties of aquitards may be studied in the field, laboratory, or modeled to 
estimate vertical leakage through the aquitard for groundwater sustainability (the focus of this 
study); to characterize them with respect to extracting resources such as oil; and, to gain 
knowledge on how well the aquitard might function as a confinement for waste materials 
(Timms et al. 2014). The study of till aquitard hydrogeology has been vital for understanding 
how groundwater flow occurs through them and recharges confined aquifers. Field studies of 
hydrogeology of till aquitards have been completed Alberta, Saskatchewan, Manitoba, 
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Wisconsin, Iowa, and Minnesota (Grisak and Cherry 1975; Fortin et al. 1991; Simpkins and 
Bradbury 1992; Simpkins and Parkin 1993; Witt 2017). Confined sand and gravel aquifers may 
be protected from anthropogenic contamination by an aquitard overlying them, but properties 
such as the bulk K and the thickness of the aquitard, the presence or absence of fracture flow, 
and the aquitard geochemical environment may either impede the flow of contaminants or allow 
the flow of contaminants through an aquitard to an underlying aquifer (Bradbury et al. 2006).  
Usually more than one method of estimating hydraulic properties is used so that results of 
each method can be compared. Field methods using observations from piezometers installed in 
the aquitard include rising and falling head slug tests (this study), constant-head permeability 
tests (on till core), pumping tests with piezometer nests present in the aquitard (this study), 
observing pore pressure changes or settlement caused by surface loading, and observing seasonal 
fluctuations of groundwater vertically through the aquitard (van der Kamp 2001). Tracers have 
been injected into till for observing groundwater flow and transport (Grisak and Cherry 1975; 
McKay et al. 1993). Laboratory methods may include permeameter constant-head or falling-head 
analysis and centrifuge permeameter tests that estimate the K of the sediment material (Timms et 
al. 2014). Numerical models may also be used to estimate hydraulic properties of till (via the 
calibration and parameter estimation process) and can be especially useful for investigating 
regional scale leakage rates through aquitards (Gerber and Howard 2000).  
Till aquitards limit the amount of vertical recharge (leakage) to underlying confined 
aquifers because of the low permeability of the till (Fortin et al. 1991). An earth material of low 
K is considered to have a K value < 1x10-8 m/s (3x10-3 ft/d), and for confining waste material the 
Environmental Protection Agency (EPA) requires a K value of less than 1x10-9 m/s (3x10-4 ft/d) 
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(Neuzil 1986; Timms et al. 2014). The K value may vary between different till stratigraphic units 
and may vary spatially through an individual till unit (Simpkins and Bradbury 1992; Simpkins 
and Parkin 1993). Using falling and rising head slug tests, Simpkins and Parkin (1993) estimated 
a geometric mean K value of 3 x 10-8 m/s (9 x 10-3 ft/d) for a late Wisconsin till of the Dows 
Formation (correlative to the New Ulm Formation at the Litchfield site) and a K value of 2 x 10-
11 m/s (6 x 10-6 ft/d) for the underlying Pre-Illinoian till of the Wolf Creek Formation. Fortin et 
al. (1991) reported uniform K throughout the thickness of a till aquitard in Saskatchewan at 5 x 
10-9 m/s (1 x 10-3 ft/d)). The K value was thought to be influenced by fractures in the till, which 
increased the bulk K of the aquitard and allowed more recharge to the confined aquifer (Fortin et 
al. 1991). At the Litchfield site (Phase I), geometric mean K values of 8 x 10-7 m/s (2 x 10-1 ft/d) 
and 6 x 10-10 m/s (2 x 10-4 ft/d) were estimated from slug tests in loamy till of the Villard 
Member of the New Ulm Formation (Des Moines lobe) in two piezometer nests located less than 
one mile apart (Witt 2017). The difference in estimated K values between these two piezometer 
nests indicates that there can be spatial heterogeneity in K even in the same deposit, possibly 
because of differences in the depositional environment of the till or the presence of fractures 
(Witt 2017). At the Cromwell site (Phase I), the geometric mean K value for the sandy loam till 
of the Cromwell Formation (Superior Lobe) was estimated at 2 x 10-7 m/s (6 x 10-2 ft/d) (Witt 
2017). Some differences in estimated K values were seen at both study sites, where the K could 
vary by up to two orders of magnitude in the same till stratigraphic unit (Witt 2017). When 
compared to the K value cut off of less than 10-8 m/s (3 x 10-3 ft/d) for low K materials defined 
by Neuzil (1986), not all till aquitards meet the requirements to be a low K material, and 
sometimes only part of the till is a low K material. 
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The development of weathering profiles and fractures in the till can affect the flow of 
groundwater through a till aquitard. Oxidized till tends to have more fractures compared to un-
weathered, unoxidized till (Keller et al. 1989; Helmke et al. 2005). Oxidation can occur to depths 
of 10 m or more, particularly in older till deposits (Helmke et al. 2005).  Fractures can still exist 
in unoxidized till, but they are usually farther spaced apart compared to fractures in weathered 
till (van der Kamp 2001; Helmke et al. 2005; Young et al. 2019). Fractures in till produce a dual 
porosity medium, in which there is both groundwater flow through the matrix (pore spaces) and 
flow through fractures. In a fractured till, the bulk K of the material is usually greater than the K 
of the matrix, because preferential flow through fractures increases the overall K of the till 
(Helmke et al. 2005; Young et al. 2019).  
Not all aquitards are homogenous with respect to hydraulic and solute transport 
properties and the complexity of deposition in the glacial environment leads to large 
heterogeneities.  Till is the most commonly deposited glacial material and it occupies a larger 
amount of land compared to glaciofluvial or glaciolacustrine deposits (Anderson 1989). Yet, 
lacustrine or sand and gravel deposits may occur within till sequences because glacial 
environments associated with ice margins varied through time (Anderson 1989). In their work on 
the Oak Ridges moraine in Toronto, Canada, Gerber and Howard (2000) hypothesized that sand 
lenses and erosional surfaces, along with joints and fractures, were locally significant to leakage 
through the till aquitard. Zones where there were discontinuities of that nature in the till showed 
post-bomb 3H in groundwater in the confined aquifers below the till (Gerber and Howard 2000). 
Leakage rates and travel time of groundwater in aquitards reflect the bulk vertical K (Kv) 
of the aquitard (which includes both matrix and fracture flow), the thickness of the aquitard, 
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recharge to groundwater at the land surface, and the hydraulic gradient through the aquitard and 
aquifer. If the hydraulic gradient is overall upward to the land surface from the confined aquifer, 
as was observed at the Cromwell site, that is good evidence that in that area of the aquitard 
vertical leakage is not occurring (Witt 2017). It should be noted, however, that the upward 
gradient there is not upward overall nor is it a strong gradient, sometimes approaching the 0.02 
threshold discussed by Meyer et al. (2014). The presence of a downward hydraulic gradient in 
the till aquitard at the Litchfield site is evidence that vertical leakage does occur (Witt 2017). 
Mean vertical hydraulic gradients of 0.25 and 0.37 were estimated for groundwater in the New 
Ulm Formation till at the 2 piezometer nests at Litchfield site, respectively (Witt 2017). 
Simpkins and Parkin (1993) recorded a vertical hydraulic gradient of only 0.06 in the correlative 
Dows Formation till at a site just 4.4 mi west of Ames, Iowa. Vertical gradients through the Oak 
Creek Formation ranged between 0.11 and 0.76 for five study sites in southeastern Wisconsin 
(Simpkins and Bradbury 1991).  At a site in Saskatchewan, the mean vertical hydraulic gradient 
through the till was 0.5 (Fortin et al. 1991). Gerber and Howard (2000) observed vertical 
hydraulic gradients in till in southern Ontario ranged from 0.4 to 0.8, and that the gradients 
normally increased near discharge zones. It should be noted here that, according to Darcy’s Law, 
there is usually an interplay between K and vertical hydraulic gradient, such that lower K values 
in the till tend to produce higher hydraulic gradients in order to maintain continuity of specific 
discharge.  
Because hydraulic gradients are the driving force for groundwater flow, lower vertical 
hydraulic gradients generally increase groundwater travel times through aquitards (Simpkins and 
Bradbury 1992; Bradbury et al. 2006). However, lower vertical gradients can also indicate there 
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is less of a barrier to vertical flow in an aquitard, while higher gradients can be found to indicate 
that there is a lower K material present between the observation points that disrupts flow (Runkel 
et al. 2018).  At the Litchfield site, the estimated travel time to the confined aquifer through the 
aquitard differed between the two piezometer nests there because of the differences in estimated 
K values, vertical hydraulic gradients, recharge to the confined aquifers, and till thickness 
between the two nests, with one estimate being two years and the other 1026 years (Witt 2017). 
The travel time of two years was calculated for the till with the lower (0.25) vertical hydraulic 
gradient and higher mean K value, showing the major effect of till thickness on the travel time in 
this case (Witt 2017).  
Groundwater geochemistry and water quality 
Aquitards are of general interest geochemically because they are composed of fine-
grained sediments with high porosity but low permeability and have soluble and reactive 
minerals (Back 1986). Groundwater then leaks mainly vertically through aquitards either via 
matrix flow or through fractures, and recharges aquifers with water that has been changed 
geochemically by the aquitard (Back 1986). Since the work of Back (1986), researchers have 
shown that groundwater flow and solute transport in till aquitards is complicated by oxidized and 
unoxidized zones, fractures and matrix diffusion, and redox environments that take advantage of 
long residence times and abundant organic C, which may drive redox reactions all the way to 
methanogenesis. Transport of solutes in aquifers tend to be dominated by advection. However, 
solutes and isotopes are transported in aquitards by a combination of advection and diffusion 
(Simpkins and Parkin 1993), or sometimes by diffusion alone where K values are low and till is 
clayey and unfractured (Simpkins and Bradbury, 1992; Hendry and Wassenaar 2000). Diffusive 
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fluxes can also occur from the aquitard into an aquifer (Zhan et al. 2009). Fractures, which have 
been observed in till in Iowa, Canada, Wisconsin, and Denmark, complicate solute transport 
because in addition to faster flow in the fractures themselves, the process of matrix diffusion 
transports solutes from the fractures to the matrix based on the concentration gradient (Grisak 
and Cherry 1975). In short, the transport and interaction of solutes in aquitards can make the 
aquitard a natural protective barrier that lessens or stops the passage of possible harmful solutes 
and contaminants to aquifers or it can create a situation where the aquitard acts as a reservoir for 
poor quality groundwater that then leaks into the aquifer (Back 1986).  
Anthropogenic NO3-N contamination, mainly from agricultural practices, is a known 
problem in shallow groundwater sources, but confined aquifers often do not have the same issue. 
Till aquitards have been shown to attenuate NO3-N in groundwater, generally because of redox 
reactions that occur within the sediments (Robertson et al. 1996). Microbial communities in 
reducing zones of an aquitard can harbor NO3-N reducing bacteria (Lawrence et al. 2000). 
Robertson et al. (1996) discus the formation of a redoxcline in groundwater between weathered 
(oxidized) till supporting oxidizing conditions near to the ground surface and unweathered 
(unoxidized) till below where reducing conditions occur. This concept is borne out by other 
studies. Researchers in Ontario, Canada found an upper oxidized zone with NO3-N present in the 
till and a deeper zone with no NO3-N present, in a system where the overall flow is vertically 
downward through the till (Best et al. 2015). Another study of a till aquitard in Ontario found 
weathered (oxidized) till to a depth of 3-5 m that showed pore NO3-N concentration of 8.3 mg/L 
and pore water below it in the unweathered (unoxidized) till with NO3-N concentrations below 
the detection limit of <0.05 mg/L (Robertson et al. 1996). Groundwater in the Dows Formation 
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till in central Iowa showed NO3-N concentrations up to 16 mg/L in shallow groundwater (< 4 m)  
and no detectible NO3-N in deeper (>4 m) groundwater (Simpkins and Parkin 1993). At the 
Litchfield and Cromwell sites (Phase I) sites, the shallow groundwater showed the highest 
amount of NO3-N in groundwater and pore water compared to the deeper piezometers (Witt 
2017).  It is important to note that Rodvang and Simpkins (2001) cite a number of studies that 
suggest a redoxcline does not always coincide with the oxidized/unoxidized till boundary. 
Nevertheless, many studies suggest that reducing conditions occur in till aquitards in the  
unweathered (unoxidized) part of the till and that prevents the transport of anthropogenic NO3-N 
to underlying sand and gravel aquifers. 
Till aquitards can be a source of geologic NO3-N if the till contains abundant woody 
material and oxygen is available. Ammonium (a breakdown product of the wood) can oxidize to 
NO3-N and produce groundwater concentrations as high as 100-400 mg/L, in geologic material 
that may have oxygen available, such as weathered till (Hendry et al. 1984; Rodvang and 
Simpkins 2001). Most often in till aquitards, geologic NO3-N occurs below a depth of 6 m and is 
associated with groundwater with no 3H present, while NO3-N from anthropogenic sources 
occurs above a depth of 6 m and is associated with the presence of diss. O2 and 3H (Rodvang and 
Simpkins 2001).  
Studies concerning anthropogenic Cl contamination or researching Cl as a conservative 
tracer have mostly focused on aquifers, and studies of Cl in groundwater or pore water in 
aquitards are lacking (Hendry et al. 2000). The research that has been completed has shown that 
Cl transport through aquitards can be affected by heterogeneity in aquitards from features such as 
fractures and sand lenses (Hendry et al. 2000; Harrington et al. 2007). A study in southern 
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Saskatchewan, Canada focusing on pore water Cl concentrations in a clay-rich, unoxidized, and 
non-fractured aquitard found a Cl concentration peak of around 182 mg/L at a depth of 13 m, 
which may have been correlated with sand lenses within the aquitard that were found in core 
samples (Hendry et al. 2000). This suggested the peak in Cl was from either lateral migration of 
the elevated Cl within the sand lenses or from downward migration from the oxidized till above 
(Hendry et al. 2000). Another study by Harrington et al. (2007) on the same till modeled the Cl 
concentration peak with an advection-diffusion model and that suggested the peak was 
associated with the sand lenses that diffuse Cl into the till aquitard. Both studies suggest that 
diffusion dominates Cl movement in unfractured and unweathered parts of the till aquitard 
(Hendry et al. 2000; Harrington et al. 2007). It must be noted, however, that geology and climate 
in this area are quite different than the Midwest. Oxidized zones are generally 1 to 20 m thick 
and precipitation in the areas of these studies in Saskatchewan is about one third of that in the 
humid Midwest. Salt crusts are common on the ground surface due to the high 
evapotranspiration rates. Overall, the hydraulic head drive downward is much less and the solute 
concentration gradient is steep because of the salt concentration at the surface. Coupled with the 
low K values of the till, the system transports Cl by diffusion. Studies in fractured till in large 
laboratory columns have shown that Cl and Br are transported faster in fractures and that matrix 
diffusion occurs. Cl and Br also diffuse back into the fractures when the columns are washed 
with distilled water (Jorgensen et al. 1998; Helmke et al. 2005). 
Transport of anthropogenic Cl through aquitards has been observed in the field. A well 
field in southwestern Ontario, Canada developed in confined aquifers of course glaciofluvial 
sediment separated by till, detected increases in Cl and Na concentrations during several decades. 
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It was hypothesized road salt had contaminated the aquifers due to the increased urbanization of 
the area during the past 50 years (Bester et al. 2006). They concluded that salt plumes were 
moving vertically downward through the aquitards in areas where they were thinner or had 
multiple sand lenses and entering the confined aquifers. In addition, large plumes of Cl can be 
stored in the subsurface and reach pumping wells in a delayed fashion, resulting in long-term 
water quality issues (Bester et al. 2006). Rotaru et al. (2014) also concluded that an aquitard was 
protecting the underlying aquifer from Cl contamination in a glaciated bedrock valley in Maine.  
The floodplain surface of the site had Cl concentrations of 2450 mg/L, a result of road salt from 
highway deicing. Groundwater at shallow depths had high concentrations of Cl, but Cl 
concentrations decreased significantly through the 10-m-thick aquitard (Rotaru et al. 2014). 
Evidence of this Cl leakage process downward at the Litchfield and Cromwell sites (Phase I) 
were mixed. Concentrations of Cl in groundwater and pore water from the Litchfield till aquitard 
suggested possible anthropogenic contamination with concentrations above 20 mg/L, while 
groundwater at Cromwell had Cl concentrations from the aquitard that were below 20 mg/L 
(Witt 2017).  
Bester et al. (2006) also demonstrated a close relationship between Na and Cl in the 
groundwater because of halite dissolution; however, Na can also be from geologic sources. In a 
study of a till aquitard (in a drumlin) underlying a road salt storage facility, Ostendorf et al. 
(2009) found that groundwater in an aquitard contaminated by road salt had elevated Cl and Na 
concentrations, but that cation exchange of Na for Ca and Mg in the till caused the Na to 
decrease and increase Ca and Mg concentrations in groundwater. Sources of Na can also come 
from shale or alkali feldspar in the till, which during weathering can release Na (Cerling et al. 
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1989). This exchange can be observed when clay minerals in shale are weathered by fresh water 
and exchange Ca for Na, thus increasing the Na concentration in the water and decreasing the Ca 
(Cerling et al. 1989). Concentration of Na in groundwater from the till aquitard at the Litchfield 
site generally increases with depth from 50 mg/L in the shallowest piezometer to 130 mg/L in the 
deepest piezometer screened in the till (Witt 2017). At the Cromwell site, there is no trend with 
depth, and the groundwater Na concentrations range from about 6 to 60 mg/L in the till aquitard 
(Witt 2017). 
As previously described, the mass ratio of Cl/Br has been used to study anthropogenic 
contamination in aquifers, but fewer studies have evaluated groundwater or pore water in 
aquitards, even though salinity in aquitards can potentially be a source causing increased salinity 
in aquifers (Li et al. 2017). These researchers investigated a coastal aquitard-aquifer system, in 
which the Cl/Br mass ratios and isotope analyses in pore water indicated that brine water and 
modern sea water were present. They concluded that the aquitard had preserved some paleo-
water in pore spaces, whereas the aquifers had not preserved paleo-water and had Cl/Br ratios 
indicative of modern seawater incursion (Li et al. 2017). Mass ratios of Cl/Br in an unweathered 
(unoxidized) till aquitard in Saskatchewan, Canada were found nearly constant throughout the 
aquitard and ranged from a high of 79 in a sand lens in the till to 30 (Hendry et al. 2000). This 
suggested that the source of the Cl in the till was from a similar source and also not from the 
underlying bedrock, while the Cl of the sand lens was from a different source compared to the till 
(Hendry et al. 2000). At the Litchfield site, groundwater and pore water Cl/Br mass ratios 
suggest anthropogenic contamination in the till aquitard with ratios of 200-400 for some of the 
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samples collected. Groundwater at the Cromwell site also indicated the same conclusion (Witt 
2017).  
The geochemistry of the sediments and rock can also influence the Cl/Br ratios in 
groundwater. First, fine-grained, clayey aquitards may alter natural or anthropogenic Br 
concentrations. Clay minerals, such as kaolinite and montmorillonite, and iron and aluminum 
oxides adsorb Br in soils based on pH (Goldberg and Kabengi 2010). Their study found that Br is 
less likely to adsorb with increasing pH; there is minimal adsorption above a pH of 7, but Br is 
still adsorbed to those minerals up to pH of 8. The dissolution of halite (NaCl), which does not 
contain much Br, will increase Cl/Br ratios (Sonney and Vuataz 2010). Halite, an evaporite rock 
which is used for salting roads, usually has Cl concentrations about 10,000 mg/L and a Cl/Br 
ratio of 6,770 (Brown et al. 2009).   
Phosphorus in glacial sediments including till are a source of P to surface water bodies 
receiving groundwater discharge (Shaw et al. 1990; Burkart et al. 2004). In agricultural areas of 
the Midwest, phosphorus can emanate from fertilizers and animal production, and then can be 
transported through the unsaturated zone and into groundwater (Burkart et al. 2004). Often, P 
will be adsorbed onto Fe-bearing sediments and react with other cations to create insoluble 
minerals; clay-rich reactive sediments may adsorb more P than high K sandy sediments (Kilroy 
et al. 1999). However, if the sorption capacity of the sediment has been reached, P can leach into 
groundwater (Kilroy et al. 1999). Oxic conditions generally remove P more than anaerobic 
conditions since Fe-oxides tend to bind P. However, precipitation of phosphorus-bearing mineral 
phases such as hydroxyapatite (Ca5(PO4)3(OH)) and vivianite (FePO4⋅2 H2O) removes P in the 
reducing groundwater conditions found in unweathered, unfractured till aquitards (Lewandowski 
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et al. 2015). Groundwater with P concentrations as low as 0.02 mg/L discharging into rivers and 
lakes can cause eutrophication issues; thus, geologically sourced P and anthropogenic P 
contamination can both cause elevated nutrients in surface water (Robins and Misstear 2000). 
Background P concentrations in groundwater are usually less than 0.05 mg/L PO4-P 
(Lewandowski et al. 2015). 
Studies that have looked at P concentration in groundwater from till and other low 
permeability glacial material have been done in Iowa and Minnesota (Burkart et al. 2004; 
Lewandowski et al. 2015; Witt 2017). In Iowa, fractured till was found to have a mean total 
dissolved P concentration of around 0.094 to 0.074 mg/L in groundwater samples, which is high 
enough to cause nutrient enrichment in surface water (Burkart et al. 2004). A study of nutrient 
input in Williams Lake in north-central Minnesota found that the estimated load of P from 
groundwater entering from till deposits around the lake comprised about 52% of the total P load 
to the lake (Lewandowski et al. 2015). Groundwater P concentrations in groundwater in the till 
aquitard at the Litchfield site were below the detection limit (<0.02 mg/L) or between 0.006 to 
0.15 mg/L, although the pore water was usually below the detection limit (Witt 2017). At the 
Cromwell site, groundwater P concentrations were either below the detection limit or ranged 
from 0.04 to 0.12 mg/L, while pore water concentrations were usually below the detection limit 
(Witt 2017). At both sites, (Witt 2017) concluded that these represent geologically sourced P 
concentrations, because there was a lack of evidence for vertical penetration with depth. 
Redox conditions in aquitards can lead to geochemical changes that affect both the 
advective and diffusive flux of solutes in the aquitard and the confined aquifer. Leakage from 
aquitards has been shown to transport electron donors into aquifers which support microbial 
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activity there (McMahon 2001). Studies by Simpkins and Parkin (1993) in a till and loess 
aquitard and underlying confined sand and gravel aquifer system in central Iowa found that about 
4 m below land surface, the electron acceptors of dissolved O2, NO3, and are consumed before 
the boundary of the unweathered and unoxidized part of the till is reached. The anoxic conditions 
of the unweathered till lead to a decrease in SO4 and an increase in dissolved Fe and CH4. 
Dissolved organic carbon increases with depth through the aquitard due to degradation of 
Pleistocene spruce wool in the till and loess. Similarly, in a silt rich aquitard in southern Ontario, 
dissolved Fe, Mn, and SO4 increased below the redoxcline, corresponding to where the 
unweathered part of the aquitard begins (Robertson et al. 1996). At the Litchfield and Cromwell 
sites, dissolved Fe and Mn were present throughout the till aquitard, but SO4 was present in both 
pore water and groundwater of the till aquitard (Witt 2017). 
Although low redox conditions in aquitards can reduce NO3 and thus prevent NO3 
contamination of underlying confined aquifers, the concentrations of dissolved Fe produced can 
create water quality issues for underlying aquifers (Bachman and Ferrari 1995). Several confined 
aquifers were found to have dissolved Fe levels above the United States EPA Secondary 
Maximum Contaminant Level (SMCL) of 0.3 mg/L in Delaware, while unconfined aquifers were 
found to not have this issue (Bachman and Ferrari 1995). At the Cromwell I site, dissolved Fe 
ranged from 0.076 to 0.608 mg/L in the till aquitard, whereas at the Litchfield site, the dissolved 
Fe ranged from 0.007 to 2 mg/L (Witt 2017).  
Groundwater types in aquitards can be important for identifying the direction of flow 
paths, source waters, and for seeing if cation exchange processes are happening along flow paths 
(Eaton et al. 2007). A study of a Maquoketa Formation aquitard in Wisconsin found that the 
 
 
 
 
 
 
 
43 
groundwater was dominated by Ca-Mg-HCO3 type, but has Na-HCO3 rich water in the 
unfractured matrix and the Ca-Mg-HCO3 rich water in major fractured areas of the aquitard 
(Eaton et al. 2007). They concluded that the Ca-Mg-HCO3 type water was similar to water from 
shallower aquifers in the area, and that the Na-HCO3 type water was most likely from cation 
exchange in the clay-rich shale (Eaton et al. 2007). An aquitard-aquifer system near Beihai, 
China was studied for groundwater and rock interactions and the research concluded that Na 
exchanging with Ca along the flow paths through the aquitard influenced the geochemistry of the 
confined aquifer below (Xun et al. 2008). Research done on a glacial aquifer-aquitard system 
found cation exchange of Na on sediments with Ca and Mg along the direction of groundwater 
flow, leading to more Ca and Mg dominated groundwater in water near the beginning of a flow 
path and more Na dominated groundwater associated with older water that is further along a flow 
path (Hendry and Schwartz 1990). The amount of HCO3 also increased along flow paths, 
possibly because of carbonate minerals dissolving in response to the exchange of cations 
(Hendry and Schwartz 1990). Flow paths through aquitards have been found to be reactive 
geochemical areas that influence the geochemistry of the groundwater in confined aquifers 
below, if there is leakage downward through the aquitard. 
Environmental Isotopes 
Aquitards have been a topic of interest for stable isotopes because thick, unfractured 
aquitards may have preserved paleo-water due to the long residence times, vertical transport, and 
limited groundwater source mixing (Remenda et al. 1994). The presence of groundwater and 
pore water from glacial meltwater is often useful for estimating paleotemperatures in the 
Pleistocene. Several studies of aquitard in Canada have found glacial-age meltwater in deeper, 
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unfractured till (Remenda et al. 1994; Hendry and Wassenaar 1999; Hendry et al. 2013). In a 
study Saskatchewan, Canada, Remenda et al. (1994) found that -24 to -25‰ is likely the average 
δ18O signature for glacial meltwater from the late Pleistocene in that area and may correspond to 
a paleotemperature of -15.0 to -16.4 degrees Celsius (°C). Hendry and Woodbury (2007) studied 
an aquitard in the same area in Canada and focused on using δ18O values to estimate Holocene 
paleotemperatures. The study found that the δ18O values in the aquitard recorded an increase of 
about +6 ‰ in δ18O, which corresponds to a temperature increase of about 18°C during the start 
of Holocene. Simpkins and Bradbury (1992) used depth profiles of δ18O and solute transport 
modeling in the Oak Creek till to match isotope profile with the timing of the late glacial history 
of the Lake Michigan lobe in southeastern Wisconsin. The lowest δ18O value in the profile was -
18‰. In contrast, no glacial isotopic signatures were found in any of the till aquitards at the 
Litchfield and Cromwell sites. Instead, the δ18O and δ2H values consistently showed modern to 
Holocene-age values (Witt 2017). 
Other uses of measuring δ18O and δ2H through aquitard profiles include observing 
historical records of paleohydrogeological changes and as a tracer of groundwater movement. 
Hendry et al. (2013) studied δ18O and δ2H values in pore water from an aquitard in Williston 
Basin, Canada and found that recharge from one or more glacial periods entered the aquitard and 
that the distribution of the δ18O and δ2H values is consistent over a 10 kilometer (km) area. This 
suggested that the Williston Basin has the unique δ18O and δ2H values associated with the 
glaciation events and that can be used as a tracer (Hendry et al. 2013). Stable isotopes have also 
been used to track contaminant plumes from industrial waste in a fractured aquitard, where the 
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contaminated water had unique signatures of δ18O and δ2H due to forced evaporation of the 
water on the land surface before entering the groundwater system (Adar and Nativ 2003).  
Stable isotopes are often used to find paleo-water in aquitards. In contrast, 3H is useful 
for dating more recent water. Tritium has been used as a way to observe aquitard integrity, 
because fractured aquitards can transport 3H faster than unfractured aquitards, and therefore have 
the ability to transfer potentially harmful contaminants to confined aquifers more readily 
compared to unfractured aquitards (Farah et al. 2012). An early study done in Alberta, Canada 
focusing on groundwater movement in till, found that areas in the till with higher K values 
associated with fractures usually had post-bomb 3H concentrations from groundwater samples, 
while areas in the till with lower K values associated with less or no fractures often had pre-
bomb 3H concentrations (Hendry 1982). Simpkins and Bradbury (1992) showed demonstrated 
that modern 3H values (up to 32 TU) extend to about 33 ft in depth in the silty-clayey Oak Creek 
till, which is well below the 12 ft depth of the unoxidized till. They proposed that the 33 ft depth 
was the limit of active fractures. Simpkins and Parkin (1993) showed 3H concentrations of 17.6 
and 10.1 TU to a depth of 15 ft in an aquitard in the Dows Formation in central Iowa, and values 
<3.0 occur below that depth. Investigations into whether a 60-m-thick till aquitard in southern 
Ontario, Canada would be a unit that could be suitable for more landfill sites, found post-bomb 
3H concentrations at various depths within the aquitard and even in a confined aquifer below the 
aquitard (Gerber et al. 2001). They found that interbeds of sand and gravel within the till are 
hydraulically connected by fractures, sand dikes, or dipping erosional surfaces, and this leads to 
a higher bulk vertical K through the aquitard and faster transport of groundwater and possible 
contaminants. A tritium bomb peak of 16.1 TU was found in the till aquitard at the Litchfield 
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LFO1 site and 3H was present throughout the till and into the confined aquifer, suggesting that 
vertical groundwater velocities were greater there. Aquitard integrity is questionable because 
modern groundwater 3H concentrations are found throughout the till (Witt 2017). 
Unfractured till aquitards have been observed to slow the flux of more modern 
groundwater with post-bomb 3H concentrations. In a till aquitard in Saskatchewan, Canada, the 
oxidized, upper 3-4 m of till contained post-bomb 3H concentrations in groundwater while the 
underlying 77 m of unweathered and unoxidized till was associated with pre-bomb 3H 
concentrations (Hendry and Wasenaar 1999; Hendry et al. 2000). Schilling and Tassier-Surine 
(2006) showed that a Pre-Illinoian till aquitard in eastern Iowa had post-bomb 3H concentrations 
in groundwater from a depth of 9.1 m and upward in the oxidized zone, suggesting that 
groundwater in that zone is less than 50 years old. Below that depth in the unoxidized till, 3H 
concentrations were at pre-bomb levels for all groundwater samples except one, which was 
believed to either have had a well screen that intercepted a fracture or that there was vertical 
transport through the well annular space (Schilling and Tassier-Surine 2006).  
At the Litchfield piezometer nest LFO2, less than a mile away from LFO1 where post-
bomb 3H concentrations were found through the till, a maximum value of 5.3 T.U. was found 
near the surface and decreased to below detection limit from about 60 ft (18 m) in depth down to 
the buried aquifer (Witt 2017). These sites are less than a mile away from each other, and the 3H 
results suggest that spatially there may be variability of aquitard integrity within the same 
aquitard since a bomb peak is only present at LFO2. At the phase I Cromwell site, enriched 3H 
activity of 5.9 T.U. occurs near the surface, with values below detection limit through the till and a 
modern concentration of 5.9 T.U. in the aquifer. This suggests that recharge to the confined aquifer 
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occurred from flow paths that are not oriented vertically through the aquitard (Witt 2017). These 
studies show that 3H concentrations are a useful tool for understanding groundwater flow, 
velocity and travel times and aquitard integrity. 
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CHAPTER 4: METHODS 
Drilling and piezometer installation 
Activities as part of Phase II constructed the piezometer nests at the Olivia and HFC sites 
with a total of twelve piezometers installed between two nests. At the Olivia site, eight 
piezometers were installed with one piezometer (OT-13) in the unconfined surficial aquifer, six 
piezometers (OT-20, OT-35, OT-60, OT-105, OT-145, OT-175) in the till aquitard, and one 
piezometer in the confined aquifer (OB-7) (Figure 15). Municipal pumping wells Olivia-4 and 
Olivia-5 were also used to collect data on the confined aquifer. At the HFC site, four piezometers 
were installed in the confined aquifer (HT-115, HT-140, HT-175, HT-200). Monitoring wells 
MW-01 and HB-3, that were installed for use by the field camp, were used to collect data on the 
unconfined surficial aquifer and the confined aquifer at the HFC site, respectively (Figure 16). 
The piezometers installed for the study are named after the site (O for Olivia and H for HFC), the 
unit in which they are installed (T for till and B for buried aquifer, although OT-13 is in the 
surficial aquifer), and the general depth (in feet) of the piezometer (i.e. OT-13 is at a depth of 13 
feet below land surface) (Table 1). Well depths vary from about 13 ft (OT-13) to 210 ft (OB-7) 
at the Olivia site, and at the HFC site vary from 85 ft (MW-01) to 224 ft (HB-3). The Olivia 4 
and 5 pumping wells are at depths of about 238 ft BLS and 226 ft BLS, respectively.  
The piezometer nest at the Olivia site consists of seven piezometers with three-foot 
screens at different depth intervals starting in the shallow surficial aquifer and into the till 
aquitard (Figure 15). An eighth piezometer, OB-7, has a five-foot screen in the confined aquifer 
below the till aquitard. The piezometers are spaced close to each other with a north to south 
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transect alignment and two rows that are ordered from shallowest to deepest (Figure 17). 
Piezometers were installed approximately 60 ft from the nearest municipal pumping well and are 
also located approximately 1000 ft from a second municipal pumping well. 
The piezometer nest at the HFC site has four piezometers with three-foot screens, with 
the same general layout as the Olivia site (Figure 18). Piezometers have screens at varying 
depths through the till aquitard. One previously installed University of Minnesota well, HB-3, 
with a ten-foot screen is screened in the confined aquifer below the till, and was used as the 
confined aquifer observation well in this study. The piezometers were installed approximately 50 
ft from the nearest pumping well (Figure 18). The HFC site also includes a previously installed 
University of Minnesota well, MW-01, with a five-foot screen that is installed in the surficial 
aquifer above the aquitard, and was used as the observation well for the surficial aquifer in this 
study.  
The piezometer nests at the Olivia and HFC sites were installed by rotary-sonic drilling, 
performed by Traut Drilling during the spring and summer of 2017. Rotary-sonic drilling, also 
termed rotasonic drilling, is useful for taking continuous core in unconsolidated sediments such 
as till, because coring can be done without the use of drilling fluids. The drill rig is equipped 
with two imbalanced counter-rotating weights or rollers that rotate via high-speed motors (Figure 
19) (U.S. Department of Energy 1995). This rotation causes high-frequency vibrations in the 
drilling rods which lessens friction between the sediment/rock and the rods. The drill rods can 
also be rotated during drilling so that cutting through the material is amplified (US Department 
of Energy 1995; Sporin and Vukelic 2016). During drilling, an inner core barrel is advanced and 
 
 
 
 
 
 
 
50 
then an outer casing is advanced around the inner core barrel to stabilize the sediments that 
surround the borehole annulus. 
 Piezometers at the HFC site were installed from May 24 to May 31, 2017, while the 
Olivia piezometers were installed from July 31 to August 9, 2017. Table 2 details the well casing 
specifications for all piezometers and pumping wells at the sites. All of the casing material is 
schedule 40 PVC and PVC couplings that were glued together prior to installation into the 
borehole for all piezometers installed during 2017, except for OB-7, which has casing of black 
steel. The Olivia 4 and 5 pumping wells and the HB-3 and MW-01 wells at HFC have steel 
casing.  
Screens for the piezometers installed in the till have open intervals of about 3 ft, when 
compared to the 10 ft screens in the aquifer. The piezometers also have smaller diameters for the 
screens and well casings compared to aquifer piezometers. This was done to decrease lag time 
for hydraulic head changes in low K material (McKay et al. 1998). At the Olivia site, screen 
length in piezometers varies from 2.47 to 3.03 ft in the aquitard, while the surficial aquifer 
piezometer has a screen length of 5.15 ft and the confined aquifer piezometer has a screen length 
of 4.79 ft (Table 2). Pumping wells at Olivia have a screen length of about 34 ft for Olivia-4 and 
30 ft for Olivia-5.  At the HFC site, the screen length is 2.48 ft for all the piezometers in the 
aquitard, while HB-3 has a screen length of 10.20 ft and MW-01 has a screen length of 5 ft 
(Table 2). Screen material is PVC for all aquitard piezometers at both sites, and for OT-13 at 
Olivia. At the HFC site, the aquitard piezometer screens have an inner diameter of 1.32 in and 
slot openings of 0.010 in (Table 2). At the Olivia site, the aquitard and surficial aquifer have 
screens with an inner diameter of 1.38 in and slot openings of 0.010 in (Table 2). Olivia-4 and -5 
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pumping wells have screens made of an unknown material, while the OB-7 screen is stainless 
steel with an diameter of 2 in and the same width opening for screen slots at the piezometers in 
the aquitard (0.010 in). The Olivia-4 pumping well has screen slot openings of 0.040 to 0.030 in 
while the Olivia-5 has screen slot openings of 0.015 to 0.030 in (Table 2). At the HFC site, HB-3 
has a stainless-steel screen with an inner diameter of 2.04 in and slot openings of 0.007 in. MW-
01 has a PVC screen with an inner diameter of 2 in and an unknown screen slot opening.  
Piezometers installed during the spring and summer of 2017 used several different types 
of seals (Figures 15 and 17). The first seal on top of the sand pack for all piezometers was 
bentonite Hole-Plug and was generally 2 ft thick. Bentonite Quik-Grout was used to fill up the 
borehole annulus for each piezometer, and a 2-3 ft concrete seal was placed near the land surface 
around the steel protector casing. OT-13 is the exception. The piezometer there was shallow, and 
no bentonite Quick-Grout was used to fill up the annulus. Instead bentonite Hole-Plug was used 
on top of the sand pack to just below the top 2-3 ft concrete seal that was placed around the 
protective casing. 
Rotasonic drilling avoided some issues with the presence of cobbles and boulders in the 
till experienced at the previous sites, but boulders were an issue during drilling of HT-115 at the 
HFC site. The boulder was shallow, at about 1.5 ft below land surface, so the piezometer 
installation was moved a couple of feet laterally to avoid the boulder. Another boulder was 
encountered during installation of HT-140, also at 1.5 ft below land surface, but was not an issue 
because the drill was able to get through it. At the Olivia site, boulders did not cause any issues 
during the drilling process.   
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After the installation at the HFC site, the drilling protocol was modified and was 
approved for the Olivia site. The approved drilling protocol included advancing the inner 4-in 
core barrel first about 10 ft at a time, followed by the outer 6-inch casing which held back the 
sediments in the borehole. The core barrel was then pulled up with core inside and extruded at 
the surface, while the outer casing was not removed from the drilled hole. During the 
advancement of the core barrel, the agreement with the drillers was that no water was to be used. 
While water and drilling fluid was used in the advancement of the outer casing, it was preferred 
that neither water nor drilling fluid was used within a 5-10 ft depth interval where the screen was 
emplaced. Before the screen was emplaced, the water level and sediment level were measured. 
Then, the core barrel was reinserted while the outer casing was flushed with water, and water 
was pumped out of the hole by a submersible Grundfos pump. Water levels and sediment levels 
were measured again, and if the interval was clear of water and sediments the piezometer screen 
was installed. The sand pack was installed with a tremie pipe, usually to around 2 ft above the 
well screen. Hole plug was then added on top of the sand pack, with a thickness of around 2-3 ft 
before the rest of the hole was sealed with bentonite Quik-Grout.  
Although water was not supposed to be used within the core/screen interval at the Olivia 
site, water was used to speed up drilling for some of the piezometers installed, because the dense 
till was slowing down the drilling process. The water used was from the local fire hydrant, which 
is water from the confined aquifer in this study (Figure 15). The method of installation and 
collecting core was modified in some of the till piezometers because of the water use and density 
of the till as well. After flushing the outer casing with water, water was left in the hole and the 
core barrel was brought up so that a core catcher could be put on. The core barrel was lowered 
 
 
 
 
 
 
 
53 
back into the hole, and then driven another 5 ft to collect core at the screen interval without the 
outer casing being advanced. This core was retrieved and then the piezometer was installed 
without the water being removed. After installation, the water was pumped out of the piezometer 
with a Waterra pump to minimize entry of drilling fluid into the till. 
Water use during drilling led to some issues with drilling fluids at the Olivia site. The 
groundwater in OT-175 during the first purge after installation was a light tan color similar to 
bentonite when purging first started (which could have been caused by bentonite contamination 
or sediment concentrations in the water) and turned to a medium brown color by the end of the 
first purge. During installation of OT-145, the water used during drilling caused water and 
bentonite to start seeping out of the surface around OT-175. During the installation of OT-105, 
the same issue of fluids seeping to the surface occurred again, this time occurring around OT-145 
as OT-105 was being drilled. Drilling at OT-105 was halted and was started again when a larger 
8 in casing arrived to help contain the fluids used during the installation process. Piezometers 
OT-60 through OT-13 and OB-7 did not have this problem during installation. This suggests that 
groundwater in the till surrounding the piezometer being drilled was displaced into the borehole 
annulus around the previously drilled piezometers OT-175 and OT-145 as a result of extremely 
high-water pressure used during drilling. 
Sediment core was collected from the core barrel and extruded directly into plastic 
sleeves during coring (Staley and Nguyen 2018). All core analyses were performed by the 
Minnesota Geological Survey (MGS), and the field site core retrieval and analyses were 
supervised by MGS geologists Amie Staley and Maurice Nguyen. At the HFC site, two different 
cores were analyzed: a core collected in December 2014 from near the HFC site and core 
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collected from the HT-200 borehole (Staley and Nguyen 2018). The HT-200 core samples were 
analyzed only in the field, while the core from 2014, which goes to a depth of 490 ft BLS, had 
already been analyzed and archived by the MGS (Staley and Nguyen 2018). At the Olivia site, 
continuous core was taken from the OB-7 borehole during drilling, analyzed in the field, boxed, 
and then transported for further analysis by the MGS. 
An MGS Gamma sonde, tool type code 9060A, was used to record gamma radiation 
within the OB-7 borehole at the Olivia site on August 1, 2017 and the HT-200 borehole at the 
HFC site on May 24, 2017 (Staley and Nguyen 2018). At the HFC site, a previous borehole 
gamma ray log done on December 16, 2014 by the MGS for borehole HB1-15 was also used 
(Staley and Nguyen 2018). Gamma ray logging was done inside the drill rod for all boreholes to 
depths below land surface of 230 ft for OB-7, 190 ft for HT-200, and 491 ft for HB1-15 (Staley 
and Nguyen 2018). For OB-7 and HT-200, the tool was set to have a gamma rate of 5 ft/min, 
while HB1-15 was set at a gamma rate of 20 ft/min (Staley and Nguyen 2018).  
After installation, the piezometers were developed to purge them of drilling fluids and 
reopen smeared porosity. Purging involved pumping out at least three well volumes from each 
piezometer (Table 3). The Olivia piezometer nest was purged between August 8, 2017 and 
October 19, 2017, while the HFC piezometer nest was purged between May 31, 2017 to June 14, 
2017. A Waterra Hydrolift-2 inertial pump with small-diameter tubing (5/8 in outer diameter) 
was used during purging at both sites, in order to fit into the small-diameter piezometers. While 
most piezometers took days to weeks to recover to static water levels after purging events, 
piezometer OT-35 had issues with recovering from installation and purging and did not fully 
recover to static until October 2018. 
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To retrieve correct coordinates and elevation, digital level surveys based on GPS 
observation points and differential GPS surveys at the piezometers and pumping wells were 
completed by the USGS. The Olivia site survey was done on October 24, 2017  by USGS 
employees Andrew Berg and Patrick Farrell. Three MnDOT Benchmark locations around the 
Olivia site were used, which are the 6508AD, 6509A, and 6510AF benchmarks, along with 
reference marks and points. The HFC site vertical survey was done on July 20, 2017 by USGS 
employees Andrew Berg and Schuyler Robinson, using a benchmark at the site with a known 
elevation labeled Point Olaf. Top of casing elevations were surveyed using optical levels and 
then referenced to the benchmark elevation. Horizontal coordinates were determined using 
differential GPS during summer 2017, as part of the training during the Hydrogeology Field 
Camp session, led by Scott Alexander of the University of Minnesota.  
Hydraulic Head Measurements 
Hydraulic head measurements in groundwater were collected in order to understand long-
term average vertical gradients in groundwater and to observe hydraulic head changes during 
slug and pumping tests. Measurements were taken continuously, with manual measurements 
performed during calibration tests. OTT Orpheus Mini pressure transducers with CR10X 
dataloggers recorded data in 11 piezometers and two pumping wells at phase II sites between 
October 2017 to October 2018: OT-13, OT-20, OT-60, OT-105, OT-145, OT-175, OB-7, MW-
01, HT-115, HT-140, HT-200, and HB-3 (Figure 20; Figure 21;Table A1). Water levels in 
groundwater were usually recorded every 15 minutes by transducers between early October 2017 
to mid-October 2018 for the Olivia site. At the HFC site, water level measurements were usually 
recorded every hour over a time span from early October 2017 to mid-October 2018. During 
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hydraulic tests of the underlying aquifer, the pressure transducers recorded at different time 
intervals than when water levels were monitored in normal conditions. During rising and falling 
slug tests, water levels in the piezometers were recorded in the transducers about every second 
and during pumping tests the transducers usually recorded every minute.   
Calibrations of the transducers were done by the USGS once every spring and fall, which 
involved manual water-level measurement with either a Solinst or Keck electric tape or by steel 
tape (Table A2). All USGS water level tapes are calibrated at the USGS Hydrologic 
Instrumentation Facility which assures that measurements are accurate to the 0.01 ft. Calibration 
of transducers compared the water-level-tape measurement to the transducer measurement, and if 
the difference between the two varied by 0.05 ft or more, transducers were then reset to match 
the manual water-level tape reading. Hydraulic head measurements were accurate to within ± 0.1 
ft based on differential GPS survey and optical level survey data, because the measurements are 
calculated by subtracting water level transducer data from the land surface elevation (U.S. 
Geological Survey 2020). Transducer water level differences and water level below land surface 
data are accurate to within 0.01 ft (U.S. Geological Survey 2020). The USGS Automated Data 
Processing System (ADAPA) and Aquarius software are used by USGS employees to store the 
continuous water-level data recorded by the pressure transducers.  
Precipitation was monitored on sites by tipping bucket rain gages at both piezometer 
nests. A tipping bucket rain gage was installed near OT-13 at the Olivia site and monitored 
precipitation daily from August 2017 to October 2018. At the HFC site, a tipping bucket rain 
gage was installed near MW-01 that monitored daily precipitation rates from June 2017 to 
October 2018. Tipping bucket rain gages are not accurate under freezing temperatures.  
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Hydraulic Conductivity (K) 
Field analyses used to estimate K of till often include slug tests (Simpkins and Parkin 
(1993) and Witt (2017)), because they are a simple method to carry out in the field and give 
representative results of the larger scale K of the aquitard (van der Kamp 2001). During a slug 
test, a near-instantaneous change in the hydraulic head in a piezometer or well is created by 
either rapidly adding or removing a solid object called a slug (Butler 1998). Adding a slug 
creates a rise in the hydraulic head while removing a slug creates a drop in hydraulic head. After 
the addition or removal of a slug, groundwater in the geologic unit adjacent to the screened 
interval will respond, and water will either move in or out of the screened interval until the water 
level is back to static, equilibrium conditions (Butler 1998).  A K value is then estimated for the 
geologic unit from the response curve of the water level recovery in the piezometer/well. If the 
till is fractured, slug test K values are not able to represent the fracture K of a system, 
particularly if piezometer screened intervals do not intercept a fracture (van der Kamp 2001). 
However, in an intensively fractured media such as till, they often do intersect fractures (Young 
et al. 2019) The standard methods for slug test solutions outlined by Butler (1998) include: 
1) The response data is plotted against the logarithm of time; 
2) Estimates of equations parameters are obtained from the piezometer information 
given;  
3) A type-curve plot is put over the data curve and is moved until dimensionless storage 
parameter curves approximately match the data curve; 
4) Match points between the type-curve and the data curve are selected; 
5) Estimates for the radial component of K and for specific storage are calculated; 
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Slug tests were conducted at both sites from June 27, 2017 to December 12, 2017 by the 
USGS in 13 piezometers: OT-13, OT-20, OT-60, OT-105, OT-145, OT-175, OB-7, MW-01, HT-
115, HT-140, HT-175, HT-200, and HB-3. Three falling- and rising-head slug tests were 
conducted in all the piezometers, except for OT-60 which had two rising-head tests instead of 
three. Piezometer OT-35 had no test done, because the recovery time from purging was too long. 
The slugs used for all the slug tests were Type 1, Grade 1 PVC and had a known dimension of ¾ 
in by 5 ft long. This created a rise or fall in hydraulic head of about 3.28 ft in the piezometers, if 
two slugs were linked together with a standard quick link (Witt 2017). The OT-35 piezometer 
was purged by pumping on August 21, 2017 and the water levels in the piezometer were still 
recovering as of October 10, 2018.  The water level was measured manually by the USGS staff 
periodically between those dates. The periodic water-level rise data were used in Aqtesolv to 
determine the K of the till in OT-35. 
The program Aqtesolve contains curve matching solutions to estimate K for slug tests 
done in confined and unconfined aquifers. The KGS model was used to analyze the water level 
response to slug tests in the till. This model has a solution for completely or partially penetrating 
wells in confined and unconfined aquifers. The confined KGS model without a wellbore skin is 
identical to the Dougherty-Baby (1984) solution (Duffield 2007). This equation takes into 
account the following physical parameters of where the piezometer is emplaced: confined aquifer 
thickness/saturated thickness, the distance from the top of the confined aquifer to the top of the 
screen, the distance from the top of the aquifer to the bottom of the piezometer screen, the screen 
thickness, the elevation of the base of the piezometer from the base of the aquifer, and the 
elevation of the top of the piezometer screen from the base of the aquifer (Duffield 2007). For 
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the unconfined KGS model without a wellbore skin, the following physical parameters of the 
piezometer construction are taken into account: the depth to the top of the well screen from the 
water table, the depth below top of aquifer, the screen length, and the saturated thickness of the 
unconfined aquifer (Duffield 2007). The piezometers in the till are not below the confining unit 
because they are in the confining unit and do not have a potentiometric surface like a piezometer 
screened in a confined aquifer. Because unconfined conditions prevail in the till, the unconfined 
solution was used to estimate K.  
The KGS solution for unconfined aquifers without a wellbore skin was used for 
analyzing the slug tests for the following piezometers: OT-13, OT-20, OT-35, OT-60, OT-105, 
OT-145, OT-175, HT-115, HT-140, HT-175, and HT-200. The following are assumptions of the 
KGS model for unconfined aquifers as listed in the Aqtesolve manual (Duffield 2007): 
1)    The aquifer has infinite areal extent, is homogenous, and has a uniform thickness; 
2)    The aquifer water table is initially horizontal; 
3)    All wells are fully or partially penetrating; 
4)    The aquifer is unconfined, and the groundwater flow is unsteady; 
5)    Water from storage is released instantaneously when hydraulic head declines; 
6)    A volume of water in injected or discharged  instantaneously from the well; 
Different solutions were used for the piezometers screened in the confined aquifers at the 
Olivia and HFC sites and the unconfined aquifer at the HFC site. The KGS model for confined 
aquifers without a wellbore skin was used for analyzing the slug tests for one piezometer, OB-7. 
The KGS model for confined aquifers has the same assumptions as for unconfined, except that 
the aquifer is confined instead of unconfined (Duffield 2007). For the HB-3 confined aquifer, the 
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Butler (1998) inertial solution was used because the response curve showed inertial effects 
during the slug test evidenced by an oscillatory water-level response. The Butler (1998) inertial 
solution accounts for oscillatory responses in confined aquifers due to a high K (Duffield 2007). 
Assumptions of the Butler (1998) solution are the same as the KGS solution, except that the flow 
is in a quasi-steady state and the wells must be partially penetrating (Duffield 2007). For the 
unconfined aquifer at the HFC site, oscillatory affects were also present during the slug tests in 
MW-01. The Springer-Gelhar (1991) inertial solution was used to account for the oscillatory 
affects. The assumptions of the Springer-Gelhar (1991) inertial solution are the same as the 
Butler (1998) solution except that the aquifer is unconfined, and the wells can be either fully or 
partially penetrating. 
The Minnesota Department of Health (Source Water Protection Unit) along with the 
USGS and the University of Minnesota Hydrogeology Field Camp faculty, carried out aquifer 
tests to estimate bulk horizontal K (Kh) values for the confined aquifers and bulk vertical K (Kv) 
values for the aquitards. The aquifer tests occurred in 2017 and 2018. The Olivia site had an 
aquifer test that ran from July 10-13, 2018. The water-level data and pumping data in the 
pumping wells were retrieved from photos of a display screen at the Olivia Water/Wastewater 
facility and taken at one-minute intervals via a GoPro camera. Jared Trost of the USGS and the 
author developed an R-script that used optical character recognition to automatically collect 
pumping and water level data numerically from the images.  
The HFC site had two aquifer tests: one test where both the unconfined and confined 
aquifers were pumped at the same time from July 20-25, 2017 and another where the confined 
aquifer was pumped from July 18-22, 2018. For the HFC site, the July 2018 aquifer test was used 
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for the analysis of aquifer and aquitard properties, because only the confined aquifer was 
pumped during the 2018 test. This eliminated interference that could have been caused by having 
two different aquifers being simultaneously pumped. Water levels during the pumping tests were 
recorded on USGS pressure transducers at 1-minute intervals. All aquifer tests conducted were 
constant-rate pumping tests, and analyses of the results were done by the Minnesota Department 
of Health (MDH).  
Justin Blum, the MDH hydrologist who performed the pumping test analyses at the 
Olivia and HFC sites, used several methods, the results of which were compiled and compared. 
Transient and steady-state analyses were completed. The methods used include the creation of a 
conceptual model of the aquifer/aquitard systems, followed by the use of these Aqtesolv analyses 
of the piezometer and well pumping test data within the conceptual model: Hantush-Jacob 
(1955) and Neuman-Witherspoon (1969) (Blum 2019). The parameters estimated included both 
aquitard Kv and confined aquifer Kh, aquifer transmissivity, aquifer storativity, and the leakage 
factor of the aquitard to the aquifer (Blum 2019). A range of these parameters was reported with 
minimum and maximum values provided for each parameter. 
Calculation of Recharge/Leakage 
Darcy’s Law relationships have been used to calculate velocities, travel times, and 
leakage through till aquitards (Simpkins and Bradbury 1992; Hendry and Wassenaar 1999; Witt 
2017): 
Q=-KIA 
Where Q is discharge (L3/T), K is the hydraulic conductivity which is a property of the material 
and the fluid flowing through said material (L/T), I is the hydraulic gradient (change in hydraulic 
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head/change in distance (L/L), and A is the cross-sectional area (L2) of flow (Fetter 2001). 
Darcy’s Law relationships can be used to find specific discharge (q) (L2/T), recharge to the 
confined aquifer through the aquitard (Q) (L3/T), and average linear vertical velocity (VZ) (L/T). 
The value VZ was used to estimate travel times through the aquitards using their thickness and 
geometric mean Kh values from slug tests. An estimated effective porosity (ne) of 0.25 of used, 
which is within the range of values used in calculations for fluxes of groundwater or solutes 
through till (McKay et al. 1993). The equations for q, VZ, and T (travel time through the 
aquitard) are: 
q=-KI 
VZ=-KI/ ne 
T= neL/KI 
Geochemistry and Water Quality 
Groundwater Sampling Protocol 
Samples of groundwater were taken to gather evidence on groundwater age, 
geochemistry zones or redox or predominant ions through the vertical profile, groundwater 
quality, and possible anthropogenic contamination. Groundwater samples were collected at the 
Olivia and HFC sites from all till piezometers except OT-35 at Olivia, which had not recovered 
from piezometer development during the time of sampling. Municipal wells sampled at Olivia 
include Olivia-4 and 5. At the HFC site, the previously installed wells HB-3 and MW-01 were 
also sampled. All samples of groundwater for Phase II of the project were collected during one 
collection event, unlike for Phase I where groundwater samples were taken at two separate 
occasions, one in 2015 and another in 2016 (Witt 2017). All piezometers were purged to dryness 
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one week before groundwater sampling at both sites. Groundwater at the Olivia site was sampled 
during October 23 to 24, 2017 and at the HFC site was sampled during September 12, 2017, after  
specific conductance and temperature stabilized. 
Groundwater samples were analyzed for major anions (Br, Cl, CH3CO2, F, SO4, S2O3) 
and nutrients (NO2, NO3, PO4) at the Ion Chrom Analytical Lab in St. Paul, MN. Groundwater 
samples were also analyzed at the USGS National Water Quality Lab (USGSNWQL) for major 
anions (Br, Cl, F, SO4), major cations (K, Ca, Mg, Mn, S, Fe, Na), nutrients (NH3-N, total P, 
NO2, NO3-N), pH, and total dissolved solids. At the Siperg Stable Isotope Lab, groundwater 
samples were analyzed for δ18O and δ2H. The University of Waterloo Environmental Isotope Lab 
analyzed samples for enriched 3H. Two groundwater replicates (one collected from the Olivia 
site and one from the HFC site) and two field inorganic blanks (one collected from the Olivia site 
and one from the HFC site) were analyzed during the sampling process. All sampling procedures 
and methods were completed according to the USGS National Field Manual for the Collection of 
Water-Quality Data (U.S. Geological Survey 2018).  
During groundwater collection in the field, a YSI 6820 continuous water-quality monitor 
provided field pH, specific conductance, temperature, and dissolved O2 of the groundwater 
pumped from the piezometers. Alkalinity (mg/L as CaCO3) was titrated in the field using a Hach 
Digital Titrator and the inflection point method. Groundwater samples taken for pH, specific 
conductance, total dissolved solids, and for stable isotopes were unfiltered and stored in coolers 
until analysis could be performed. For the samples collected for major ions, nutrients, and 
alkalinity, the groundwater was first filtered through 0.45-μm filters before being stored in 250 
mL polyethylene bottles in coolers until the analyses could be performed. For analysis of total 
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dissolved elements in the groundwater samples, the water was first filtered through 0.45-μm 
filters and then acidified with 4.5 N HNO3, so that a pH < 2.0 could be maintained (Witt 2017). 
Pore-water Sampling Protocol 
Till cores were collected from each screened interval during the drilling process to 
squeeze pore water and analyze it for the same major anions and isotopes sampled for 
groundwater. Samples were analyzed at the Ion Chrom Analytical Lab and at the Siperg Isotope 
Laboratory. Collecting both pore water and groundwater is useful for geochemical comparisons. 
Core was collected from the following piezometer screened intervals: OT-20, OT-35, OT-60, 
OT-105, OT-145, OT-175, HT-115, HT-140, HT-175, and HT-200. Two, six-inch-long cores 
were collected for each piezometer screened interval and were prepared for transportation in a 
similar manner to Gerber and Howard (1996). Core samples were scraped clean on the outside to 
get rid of areas that may have come in contact with drilling equipment or fluid. The cores were 
then wrapped in at least two layers of plastic wrap, taped, wrapped in at least two layers of 
aluminum foil, taped again, labeled, and then put into a Ziploc bag with the air squeezed out 
which was then taped. One core for each piezometer was stored at Iowa State, while the other 
core was sent to Geochemistry lab in the USGS California Water Science Center in San Diego to 
be squeezed for pore water.  
The extraction of pore water was possible with a hydraulic sediment squeezer only 
because the presence of stones was not an issue. The USGS San Diego Lab has a hydraulic 
sediment squeezer, which is comprised of a hydraulic press, a capsule that allows pressure from 
the press to be transmitted to the sediment, and a syringe that collects pore fluids from the 
squeezed sediment (Manheim et al. 1994). After the pore fluid is squeezed out, the fluid is 
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filtered by a Swinney syringe filter adapter immediately and stored in plastic tubes that are then 
sealed (Manheim et al. 1994). 
Geochemistry Analysis 
Groundwater samples for geochemical analyses were either shipped to the USGSNWQL, 
Ion Chrom Analytical Lab, or the University of Waterloo. Samples taken to Iowa State were 
transported in coolers by a vehicle and were not shipped. Cores for pore-water sampling were 
shipped to the to the USGS California Water Science Center in San Diego in coolers. Different 
laboratories had different detection limits or standard deviation precision (STD). At the 
USGSNWQL laboratory, the detection limits (mg/L) are approximately the following: 0.02 (Cl, 
SO4, SiO2), 0.1 (CO3), 0.01 (NH3-N, NO3+NO2-N, Br, F), 0.001 (NO2), 0.003 (P), 0.022 (Ca), 
0.011 (Mg), 0.6 (Na), 0.03 (K), 0.004 (Fe), 0.00002 (Mn) (Witt 2017; National Environmental 
Methods Index 2019).  Detection limits may vary by method used at the USGSNWQL and 
details of the equipment blanks analyzed at the sites are seen in Table 4. The detection limits 
(D.L.) for the anion data at the Ion Chrom Analytical Lab are dependent on the dilution factor, 
with the standard D.L. with a dilution factor of one having the following detection limits (mg/L): 
0.01 (Cl, SO4), 0.005 (Br, P), and 0.001 (NO3-N, NO2-N). For stable isotopes analyses, a 
combined uncertainty from the analytical uncertainty and average correction factor for each run 
of samples was calculated. The stable isotope sample run of HFC site pore water from cores 
(HT-115, HT-140, HT-175, HT-200) had uncertainty values for δ18O of ± 0.07 ‰ Vienna 
Standard Mean Ocean Water (VSMOW) and for δ2H of ± 0.34 ‰ VSMOW. The analysis run 
that included the HFC site groundwater (MW-01, HT-115, HT-140, HT-175, HT-200, and HB-3) 
and the Olivia site pore water from cores taken at screened intervals (OT-20, OT-35, OT-60, OT-
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105, OT-145, and OT-175) had uncertainty values for δ18O of ± 0.06 ‰ VSMOW and for δ2H of 
± 0.29 ‰ VSMOW. The Olivia site groundwater (OT-13, OT-20, OT-60, OT-105, OT-145, OT-
175, Olivia-4, and Olivia-5) had uncertainty values for δ18O of ± 0.07 ‰ VSMOW and for δ2H 
of ± 0.34 ‰ VSMOW. All groundwater samples analyzed for enriched 3H have a ± 1σ 
uncertainty of 0.8 TU.  
Methodology varied between labs and analyte analysis. At the USGSNWQL, several 
different methods were used depending on the analyte. Anions may be analyzed by ion 
chromatography, cations by an inductively coupled plasma-atomic emission spectrometer, and 
NO3- and NO2- with colorimetric determination by enzymatic reduction with an automated 
discrete analyzer. At the Ion Chrom Analytical Lab, anions were analyzed via a Dionex ICS 
5000+ anion chromatography with a AS19 4 micron (2 x 250 mm) columns, an AERS 500 (2 
mm) suppressor with external water regenerant flow, an EG III NaOH eluent generator, a 0.30 
ml/min flow rate, a 10 μl injection, and a conductivity sensor. For stable isotope analysis at Iowa 
State, the water samples were analyzed by Suzanne Ankerstjerne via a Picarro L2130-I Isotopic 
Liquid Water Analyzer, with an autosampler and ChemCorrect software. Every sample was 
measured a total of six times. Only the last three sample injections were used to calculate the 
mean isotopic values, so that memory affects were accounted for in the final values. The isotopic 
reference standards VSMOW, USGS 47, and USGS 48 were used for regression-based isotopic 
corrections and for making sure data were assigned to the appropriate isotopic scale. At a 
minimum, one reference standard was used for every five samples. For enriched 3H analysis at 
the University of Waterloo Environmental Isotope Laboratory, liquid scintillation counting was 
used via a LKB Wallace 1220 Quantulus counter. Quality assurance at the Environmental 
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Isotope lab includes each sample batch having three backgrounds run: a water sample from a 
well near Newmarket Ontario with no detectable 3H and an age greater than six thousand BP 
determined by radiocarbon dating; a long term monitor which is lab deionized water; and a 
standard traceable to NIST-4926-E that has been calibrated with NIST-SRM-4361B-21 
(University of Waterloo 2019). With every batch run, repeat analyses are included from a 
previous batch (University of Waterloo 2019).  
Stable isotope and 3H analyses have specific notations used for reporting the values. 
Stable isotopes of hydrogen and oxygen are reported in delta units and in per mil. This notation 
is a calculation, where: 
δsample (‰)=  ((Rsample-Rstandard)/Rstandard) *1000 
Both Rsample and Rstandard are a ratio of either 2H over 1H or 18O over 16O. The sample is the value 
obtained from the groundwater or pore water samples obtained from the field, while the standard 
is the VSMOW. Tritium is reported as tritium units (TU), where 1 TU is equal to 1 3H atom in 
1018 atoms of hydrogen or 3.22 picocuries per liter.  
Methods used to observe and analyze the geochemical data include creating vertical 
profiles of the geochemical analytes with depth to see if there is geochemical evolution with 
depth, plotting stable isotope data along with the Global Meteoric Water Line (GMWL), creating 
Piper plots and Stiff diagrams to determine groundwater type, and using PHREEQC (an acronym 
for pH, redox, equilibrium, in C language) to analyze idealized saturation states of minerals 
(Appendix D). One-dimensional depth profiles have been used in studies to observe distinct 
hydrogeological zones (Simpkins and Bradbury 1992; Hendry et al. 2004; Schilling and Tassier-
Surine 2006; Hendry and Harrington 2014). Plots of δ2H vs. δ18O show whether the samples plot 
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along the GMWL for modern precipitation, if there is a distinct local meteoric water line 
(LMWL), if there are evaporitic signals or other distinct signals that are evidence of certain types 
of recharge (i.e. snowmelt), or if there are signatures of older, paleowater (Hendry 1988; 
Simpkins and Bradbury 1992; Kelln et al. 2001). Both Piper plots and Stiff diagrams are useful 
for seeing if there are geochemical changes along flow paths or for observing outliers (Li et al. 
2016).  
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CHAPTER 5: RESULTS AND DISCUSSION 
Site Geology 
Olivia Site 
At the Olivia site, the late Wisconsin, New Ulm Formation till of the Des Moines lobe 
was expected to be present, because Renville County is dominated by surficial deposits of the 
Des Moines lobe and thick sequences of New Ulm Formation till has been mapped in the area 
(Knaeble 2013; Bradt 2017; Staley and Nguyen 2018). Instead, the upper units at the site include 
a thin layer of Holocene sediment about 10 ft thick, which is overlain by about 4 ft of fill (Staley 
and Nguyen 2018). The till beneath that is interpreted to be the Good Thunder Formation, an 
informally named pre-Wisconsin till unit (Figure B1; Table B1). The till is typically gray in 
color, and a loam to silty- and clayey-loam with a mean particle size of 37 percent sand, 40 
percent for silt, and 23 percent clay (Figure B2). It is high in carbonate lithologies (usually 
greater than 50 percent), low in gray shale percentage (between 0-10 percent), and contains 
Cretaceous shale grains between 1-10 percent) (Table B1). Four possible members of the Good 
Thunder Formation are present, based on Cretaceous shale percentage and density changes 
through the till. The overall thickness of the till at Olivia is about 167 ft. Sand bodies are also 
present and divide the different Members stratigraphically (Staley and Nguyen 2018). Below the 
Good Thunder Formation till is a silt and fine- to coarse-grained sand and gravel aquifer that is 
probably a glaciofluvial deposit and of uncertain origin (Staley and Nguyen 2018). The confined 
aquifer is about 48 ft thick, and Cretaceous shale bedrock underlies it at a depth of 229.5 ft BLS.  
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HFC Site 
In contrast to the Olivia site, the HFC site contains glacial deposits of the Wadena Lobe 
(Figure B3; Figure B4; Table B2). At the surface is a coarse-grained sand and gravel (outwash) 
deposit that belongs to the Hewitt Formation. The underlying till of the Hewitt Formation is a 
sandy loam, with a mean particle size of 67 percent sand, 22 percent silt, and 11 percent clay 
(Figure B5). The till is brown in color, lacks shale clasts, and has about 10-25 percent carbonate 
clasts. The thickness of the till unit is about 102 ft, and the entire Hewitt Formation till is 
considered to be one stratigraphic unit (Staley and Nguyen 2018). 
Below the Hewitt Formation till lies Pre-Wisconsin till, outwash, and lake sediment, the 
uppermost of which is associated with the Browerville Formation. The confined aquifer below 
the Hewitt Formation is composed of fine-grained sand and gravel, glaciolacustrine sediment, 
and outwash sediments about 23 ft thick. Browerville Formation till lies below the confined 
aquifer at a depth of 230 ft BLS (Staley and Nguyen 2018).  
Hydrogeology 
Hydraulic Head and Gradients 
Mean values of hydraulic head were calculated at both sites from water-level data in the 
piezometers in order to calculate the mean hydraulic gradient in the till aquitards (Table 5). 
Groundwater at the Olivia site has overall a downward hydraulic gradient shown by the 
decreasing hydraulic head with depth (Table 5; Table 6; Figure 22). Vertical hydraulic gradients 
between 0.1 and 0.01 are common in Pleistocene materials including till in the United States and 
Canadian Interior Plains region (Cherry et al. 2004). The vertical hydraulic gradient between 
OT-13 in the surficial aquifer and OT-20 near the top of the Good Thunder Formation is very 
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small to almost nonexistent (0.03) and depending on the time of year can show a slightly upward 
hydraulic gradient (Table 6). The hydraulic gradient between OT-20 and OT-60 is also small 
(0.02) but is downward through the till. Lack of a strong vertical hydraulic gradient between OT-
13 and OT-20, and between OT-20 and OT-60, suggests that horizontal flow may dominate in 
the top of the till and surficial aquifer at this site. Small vertical hydraulic gradients, such as the 
0.01 gradient found in an upper section of the Oak Creek Formation till in Wisconsin, can be 
indicative of horizontal flow (Simpkins and Bradbury 1992). This may also suggest that 
groundwater flows vertically with less resistance between the OT-20 and OT-60 piezometers 
(Runkel et al. 2018). Larger (downward) vertical hydraulic gradients can be observed from OT-
60 through OT-175 (between 0.09 to 0.25) in the confined aquifer. A large increase in hydraulic 
gradient to 2.25 occurs between the piezometer screened in the bottom of the till (OT-175) and 
the piezometer screened in the underlying confined aquifer (OB-7). Very large vertical hydraulic 
gradients such as this are commonly observed in aquitards elsewhere and here it is likely due to 
the presence of thin layers of glaciolacustrine sediments near the bottom of the till unit (Hart et 
al. 2008). The overall vertical hydraulic gradient, between OT-13 and OB-7, is 0.48 (Table 7). 
The effect of precipitation events and pumping from the municipal wells may be seen in 
the piezometer nest at Olivia. Precipitation events, especially in spring/summer and in early fall, 
visibly cause hydraulic head increases in piezometers OT-13, OT-20, and OT-60, that can be up 
to an increase of about 5 ft (Figure 20). For piezometers screened deeper in the till, there are 
noticeable increases in hydraulic heads during spring/summer and early fall of up to about 3 ft, 
possibly in response to recharge events. There are decreases is hydraulic heads during drier 
months, including November through February as well as August, throughout the piezometers 
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screened in the surficial aquifer and till. Hydraulic heads in shallower piezometers show a 
hydraulic head decrease of up to about 5 ft during these dryer months, while the deeper 
piezometers can have a hydraulic head decrease of up to about 3 ft. Responses to pumping are 
most noticeable in OB-7, where fluctuations in hydraulic heads from pumping are the largest and 
occur daily. Months with a significant decrease in hydraulic head in the confined aquifer include 
January, parts of May and June, as well as August (Figure 20). Piezometers OT-175 and OT-145 
in the aquitard show small (up to 1 ft) hydraulic head fluctuations in response to the pumping of 
the confined aquifer and slight declines in hydraulic head during the months where the hydraulic 
head in the sand and gravel aquifer is lower. This suggests a hydraulic connection into the 
bottom 20 ft of the ~ 167 ft thick till unit above it. Piezometer OT-105 shows hydraulic head 
changes that appear more similar to OT-175 and OT-145, though dampened, when compared to 
hydraulic heads in the shallower piezometers. The reaction of hydraulic heads to precipitation 
down to OT-60 suggest the top 60 ft of the piezometer nest (about 50 ft of till) is well connected 
hydraulically. This is similar to the response to precipitation observed by Keller et al. (1989).  
A prolonged “reverse” water level response to pumping is shown in the hydraulic heads 
in OT-175, OT-145, and OT-60, and somewhat in OT-105 (Figure 23). The vertical hydraulic 
gradients between the screened intervals are still downward, but instead of showing a responding 
decrease in water level during pumping, the water level increases slightly (about 0.1-0.4 ft) in 
these piezometers throughout the time of pumping, before returning to average water levels as 
pumping decreases. Reverse water level responses in aquitards are generally attributed to a 
poroelastic response, where pumping in the underlying aquifer causes a reduction in pressure, 
which then leads to the expansion of water and compression of the aquifer skeleton, similar to 
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what happens in a confined aquifer during pumping. Deformation of the aquifer skeleton can 
then impose strain increases that can cause confining units to behave in this manner. Often, these 
are either a brief response at the beginning of the pumping where there is a temporary increase in 
the water level in the confining unit, termed the Noordbergum effect, or a quick, temporary drop 
in water level at the end of pumping, termed the Rhade effect (Kim and Parizek 2005; Berg et al. 
2011). The response of the aquitard hydraulic head at the Olivia site is unique in that there is a 
very prolonged water level increase as pumping proceeds that is the mirror image of the water 
level decrease seen in the confined aquifer below it. Research is ongoing to understand this 
phenomenon.  
The overall vertical hydraulic gradient at the HFC site is also downward (Table 6, Table 
7; Figure 24). The hydraulic head difference between HT-115, which is screened about 10 ft 
below the start of the till, and HT-140 in the till unit is very low (Figure 24). During the year of 
monitoring, the hydraulic gradient between these two piezometers would either be close to 
unresolvable, slightly downwards, or slightly upwards. The vertical hydraulic gradient between 
MW-01 and HT-115 is also very low at 0.005. The low hydraulic gradients in the upper part of 
the till may suggest horizontal flow dominating from the surficial aquifer into the first 40 ft of 
the till. The vertical hydraulic gradients between piezometers HT-140 to HB-3 are within the 
range for Pleistocene materials in the Interior Plains region (Cherry et al. 2004) and do have 
downward hydraulic gradients throughout the year of data collection. However, values in the 
loamy Des Moines till in Iowa (Simpkins and Parkin, 1993) and the New Ulm till at the 
Litchfield site (Phase I; Witt, 2017) are higher. Meyer et al. (2014) suggest that a hydraulic 
gradient of  <0.02 may be considered non-resolvable and that it suggests a lack of resistance to 
 
 
 
 
 
 
 
74 
vertical flow. Applying that threshold to this site, as well as the Olivia site, suggests that the 
hydraulic gradient field cannot be easily recognized in the aquitards.  
Responses to rainfall events are largely unnoticeable in groundwater at the HFC site 
(Figure 21). Overall, there is a slight downward trend in hydraulic head from October 2017 to 
October 2018 in all piezometers and pumping wells at the site. There is a slight increase in 
hydraulic head in all piezometers and pumping wells starting in May 2018 that then decreases 
noticeably starting in August 2018. This corresponds to an increase in precipitation in May and 
June and the decrease in precipitation in August. There is about a one-month gap in water 
level/hydraulic head data in July and August for the shallower piezometers (Figure 21). 
The HFC site does not have a municipal pumping well nearby, because the pumping 
wells on site are used for teaching purposes by the University of Minnesota. The pumping 
response from the aquifer test in 2018 showed that the well in the confined aquifer reacted 
synchronously with a decrease in hydraulic head in piezometer HT-175 (about 30 ft from the 
bottom of the till aquitard) (Figure 25). This suggests that there is a hydraulic connection 
between the aquifer and at least 30 ft into the aquitard above it, and a similar response in till has 
been observed in Canada by Keller et al. (1989). Groundwater in piezometer HT-140 showed no 
measurable response to underlying aquifer pumping; however, HT-115 near the top of the 
aquitard showed both a Noordbergum effect and a Rhade effect to aquifer pumping. The well 
screened into the surficial aquifer right above the till aquitard showed no response to pumping 
and is likely part of a different groundwater flow system that feeds the lakes and wetlands in the 
region (as indicated by the stable isotope data discussed later in this section). 
 
 
 
 
 
 
 
75 
Hydraulic conductivity (K) 
Hydraulic conductivity values from slug tests (primarily Kh) differ between the two sites, 
which is not unexpected given the differences in particle size of the till units. At the Olivia site, 
Kh values range from about 3 ft/day for sand and gravel to a low of 2 x 10-4 ft/d for till (Table 8; 
Figure 22). The geometric mean K in the till aquitard is 4 x 10-3 ft/d from slug tests. This 
geometric mean value does not include data from piezometer OT-35, because it may have been 
intruded by bentonite and may have a clogged screen. However, water level recovery data taken 
from the time since evacuation to dryness was analyzed in Aqtesolv, and the results showed an 
estimated K value of about 6 x 10-6 ft/d, which is unusually low based on other K values at the 
site.; hence, a bentonite problem is suspected. Till K values at the Olivia site tend to be lower 
than the till at the HFC site, which is most likely influenced by the higher clay and silt content 
and lower sand content in the Good Thunder Formation at the Olivia site (Figure 26; Figure B2; 
Figure B5). The HFC site K values range from 72 ft/d in upper sand and gravel to 4 x 10-4 ft/d in 
the till. The geometric mean K value in the till is 3 x 10-2 ft/d, which is consistent with the Hewitt 
till at the HFC site having a higher percent sand. The lowest K value at the HFC site (HT-140) 
lies in a zone at depth where there is a higher silt and clay content in the till (Figure  B3). A 
Mann-Whitney U test applied to K values between the two sites shows a significant difference 
between them at a 95 percent confidence interval (Table C1). The box and whisker plot (Figure 
26) also shows the difference between the K values at the two sites, with the maximum and 
minimum K values not overlapping, except for an outlier at HFC. 
Aquifer tests in an underlying confined aquifer may be used to estimate a bulk Kv value 
of an aquitard (van der Kamp 2001), while slug tests can only estimate Kh (Cherry et al. 2004). 
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At the HFC site, the aquifer test estimated a minimum bulk Kv of the aquitard of 0.011 ft/d and a 
maximum of 0.037 ft/d (Table 9) (Blum 2019). Because of the unique reverse water level 
fluctuations in the till at Olivia, the aquifer test analyses used previously to estimate Kv at the 
HFC site were unsuccessful. Estimation of the bulk Kv of the till at the Olivia site is part of the 
ongoing research by the MN DOH.  
Leakage/groundwater age 
The calculated specific discharge (q) is based on the slug test Kh (and Kv where possible) 
values and hydraulic gradient data. The downward flux (q) in the till units is 2.3 in/year for the 
Olivia site and 5.4 in/year for HFC site (Table 10). These values are plausible given the 
estimated potential recharge to the water table by Smith and Westenbroek (2015), which shows 
most of Renville county receiving 2 to 6 inches per year of recharge and most of the area around 
the HFC site receiving 4 to 8 inches per year of recharge. An estimate of the size of the Olivia 
aquifer was done using a GIS shapefile for sand and gravel aquifers that includes the Olivia 
aquifer (Bradt 2017). The estimated extent is about 0.08 mi2, which leads to an estimated 
recharge (leakage) volume to the aquifer of 6 MGY. Because the pumpage at the Olivia wellfield 
is about 84 MGY (although this does include both the s5 and sz confined aquifers) (Bradt 2017), 
the volume of 6 MGY would not be sufficient to recharge the confined aquifer consistently. 
Because the potentiometric surface of the confined aquifer does not show a continuous decline 
from the year of collected data, there must be other areas leaking more groundwater into the 
confined aquifer than at the piezometer nest. At the HFC site, there are no data on the extent of 
the confined aquifer. If the area of the confined aquifer was 1 mi2, the recharge (leakage) would 
be about 93 MGY based on the till geometric mean Kh, and 68 MGY based on the till mean bulk 
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Kv value from the aquifer test data. Because the wells at the HFC site are not used as municipal 
wells, there should be no prolonged pumping near the piezometer nest that would influence 
hydraulic head in a way that would be threatening the longevity of the confined aquifer. There is 
a slight downward trend in hydraulic head values in the groundwater during the year when the 
site was monitored by the transducers (Figure 21).  
For the Olivia site, using the geometric mean till K values and the average till hydraulic 
gradient, a groundwater velocity of 2 x 10-3 ft/d was estimated and would produce a travel time 
of about 216 years to the bottom of the till (Table 10). At the HFC site, using a velocity of 5 x 
10-3 ft/d derived from the geometric mean K and average hydraulic gradient calculations through 
the till, a travel time of about 56 years to the bottom of the till was estimated.  Using the aquifer 
test bulk Kv mean, a velocity of about 4 x 10-3 ft/d was estimated with a travel time of about 77 
years to the bottom of the till. Thus, more indicators of recent groundwater may be expected with 
depth at the HFC site than at the Olivia site. 
Environmental Isotopes 
Stable Isotopes 
Stable isotope results from groundwater at both sites show good adherence to the Global 
Meteoric Water Line of Craig (1961) and suggest an absence of glacial-age water in the 
confining units and the confined aquifers (Figure 27). Values of δ18O lie between -7 to -12 ‰ 
and δ2H lie between -50 to -90 ‰ (Bradt 2017) (Table 11; Table 12). The Olivia site 
groundwater and pore water show fairly uniform δ18O and δ2H values throughout the Good 
Thunder Formation till (Figure 28). Groundwater at 13 ft BLS shows the highest values of δ18O 
and δ2H for groundwater and pore water, possibly showing an influence from recent 
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precipitation. There is a downwards shift to lower δ18O and δ2H in the groundwater in the till at 
about 60 ft, after which values stay approximately the same. The mean δ18O for groundwater 
through the till is -9.82‰ (standard deviation = 0.62) and for pore water is -9.72‰  (standard 
deviation = 0.39). In the confined aquifer below the till, the mean δ18O for groundwater is -
10.4‰ (standard deviation = 0.15). For δ2H values, the mean is -67.75‰ (standard deviation = 
5.73) for groundwater through the till and -68.08‰ (standard deviation = 4.16) for the pore water 
samples. The confined aquifer groundwater mean δ2H value is -73.65‰ (standard deviation = 
0.77). The δ18O and δ2H values at the Olivia site are similar to what was found at the Litchfield 
site (Phase I), which may be because of the proximity of the two sites (the Litchfield site is 
located around 33 miles northeast from the Olivia site) (Witt 2017). A comparison between the 
Olivia site groundwater and pore water stable isotope results is seen in Figure 29.  
Groundwater at the HFC site has expectedly lower values of δ18O and δ2H as compared 
to the Olivia site, because the HFC site is located in northern Minnesota. The groundwater and 
pore water values of δ18O and δ2H are also very similar (Figure 30) throughout the Hewitt 
Formation till. A significant difference deviation in δ18O and δ2H values (-7.38‰, -60.29‰) 
occurs in groundwater from piezometer MW-01 in the surficial aquifer at a depth of 82.5 feet. 
However, this sample has undergone evaporation and suggests a groundwater source composed 
of surface water from nearby lakes (Palmer et al. 2007). The mean δ18O for groundwater through 
the till is -11.60‰ (standard deviation = 0.34) and for pore water is -11.66‰  (standard deviation 
= 0.30). The confined aquifer below has a groundwater sample with a δ18O value of 11.62‰ and 
a δ2H of -81.41‰, which is in the same range as the values in the till above. For δ2H values, the 
mean is -81.82‰ (standard deviation = 2.05) for groundwater through the till and -82.03‰ 
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(standard deviation = 0.79) for the pore water samples. A comparison between the HFC site 
groundwater and pore water stable isotope results is shown in Figure 31. For both sites, the 
isotopic data show no glacial-age age signatures, which is consistent with the estimated 
groundwater age of 216 years in till at the Olivia  site and 56 to 77 years at the HFC site.  
Enriched Tritium 
The concentration of 3H with depth at the Olivia site follows a similar pattern to that 
observed at the LFO2 nest from Phase I (Witt 2017). Tritium is present in groundwater in the 
two shallow piezometers down to a depth of 20 ft below land surface (Figure 28; Table 11). The 
uppermost piezometer has a 3H concentration of 5.6 TU and the piezometer at a depth of 20 ft 
has a 3H concentration of 5.2 TU. These values are consistent with modern 3H from precipitation 
and suggest penetration to 20 ft below land surface. From the piezometer at 60 ft below land 
surface down to the confined aquifer, the groundwater samples are all below the 0.8 TU 
detection limit for 3H, suggesting groundwater that is older than 1953 throughout most of the 
aquitard and the aquifer below it. The 3H concentration data does agree with the Darcy’s Law 
calculations estimating travel time for groundwater and both indicate relatively slow leakage 
through the aquitard. Using the 3H age from the surface to the first non-detection to establish 
velocity and assuming plug flow, a groundwater velocity 2 x10-3 ft/d was estimated, which leads 
to an estimated travel time of 230 years – very similar to that from Darcy’s Law. 
The HFC site concentrations of 3H, through the till aquitard, shows a possible bomb peak 
preserved in the aquitard (Figure 30; Table 11). Tritium with a concentration of about 6.6 TU is 
present in the groundwater from the piezometer in the surficial aquifer at a depth of 82.5 ft below 
land surface. Near the top of the aquitard, at a depth of 114 ft, the piezometer groundwater has a 
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3H concentration of 21.4 TU, which may correlate to around the mid-1960’s in age (Simpkins 
1995). Following this peak concentration, the groundwater declines from 5.3 TU at the 
piezometer 140 ft below land surface to 1.8 TU at the piezometer right above the confined 
aquifer, about 196 ft below land surface. In the confined aquifer, the 3H groundwater 
concentration is below the detection limit for the piezometer tested. The presence of a 3H peak at 
the top of the aquitard, and the presence of 3H in the groundwater below the peak, suggest that 
leakage through the aquitard happens at a faster rate when compared to Olivia. Using the 3H age 
and assuming plug flow, a groundwater velocity was estimated to be 2x10-2 ft/d, which leads to 
an estimated travel time of about 8 years. The 3H results are consistent with the Darcy’s Law 
estimations of the travel time through the till at the site, in that both suggest quicker (less than 
100 years) leakage to the confined aquifer. Work is ongoing to model the 3H peak in the vertical 
profile. 
Groundwater Geochemistry and Water Quality 
Anthropogenic Analytes 
Chloride 
Concentrations of Cl in groundwater and pore water differ between the two sites. At the 
Olivia site, Cl concentrations are nearly constant vertically throughout the till aquitard and into 
the underlying aquifer, except for a spike in concentration at 20 ft below land surface near the 
top of the till (Figure 32; Table 13; Table 14; Table 15).  The Cl concentration for both the pore 
water and groundwater at the site ranges from 7 to 86 mg/L. Both concentrations are offset 
slightly from each other, with pore water showing generally higher concentrations, some nearly 
twice as much (Figure 33). Groundwater samples in the aquitard range between 7 and 20 mg/L, 
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except for the peak near the top of the till unit of 40 mg/L. Pore water in the till unit is 
consistently close to 40 mg/L, again except for the higher concentration near the top of the till. 
The upper part of the surficial aquifer and the confined aquifer below the till have slightly lower 
groundwater Cl concentrations. 
 Most all groundwater and pore water samples are above the background Cl concentration 
of 3 to 5 mg/L discussed earlier in the Previous Work section. Chloride concentrations in 
Renville County above 5 mg/L are associated with anthropogenic contamination, but only if the 
Cl/Br mass ratio is above 200 (Bradt 2017). The pore water results showed concentrations above 
20 mg/L for all samples. The only sample that is very elevated and suggests anthropogenic 
contamination for both pore water and groundwater is at 20 ft below land surface, where modern 
concentrations of 3H are also found. Below that depth, the high Cl concentrations in the pore 
water occur in groundwater that contains pre-1953 bomb 3H, which may be plausible. However, 
the presence of above-background Cl concentrations in groundwater and pore water at 60 ft and 
below is anomalous.  
Chloride concentrations in the groundwater are much lower at the HFC site and are well 
below background concentrations (Sander et al. 2008). All groundwater samples are below 5 
mg/L, and all pore water samples are above 20 mg/L (Figure 34; Figure 35); thus, the range of Cl 
concentrations ranges from 0.46 to 50.42 mg/L. The peak concentrations of Cl for both 
groundwater and pore water are found 140 ft below land surface, with groundwater having a 
concentration of 1.5 mg/L and pore water having a concentration of 50 mg/L. If the Cl is derived 
from anthropogenic sources, then the elevated Cl present in the pore water could be consistent 
with 3H data, which shows a 3H peak 115 ft below land surface (and with 3H present throughout 
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the till). If just the groundwater Cl concentrations are considered, then there is little evidence for 
anthropogenic contamination. The low concentration is likely the result of the site’s location in a 
non-urban, forested area that lacks the road salt input in urban areas. The much higher Cl 
concentrations in pore water with respect to groundwater are anomalous.  
As previously discussed, Cl in groundwater at the sites may have come from dissolution 
of halite (from NaCl in road salt at the land surface), sewage and septic tanks (Katz et al. 2010), 
from bentonite used in piezometer installation (Remenda and van der Kamp 1997), or potentially 
from halite and/or connate pore water from clasts in the till (Von Damm 1989; Verplanck et al. 
2003). If Cl is from halite dissolution due to road salting at the land surface, there should be a 1:1 
mM relationship between Na and Cl; however, plots of this relationship reveal that there is 
excess Na in the samples ,which masks a 1:1 Na:Cl anthropogenic signal, if present (Figure 36). 
Only groundwater in piezometer OT-20 at the Olivia site plots on the 1:1 line, which suggests 
that this sample represents road salt contamination (Long et al. 2015). There may be natural 
sources of Na in the till, such as the weathering products of feldspars and cation exchange on 
clay minerals that can influence Na concentrations while not influencing Cl (Crawford and Lee 
2015; Long et al. 2015).  
The differences in Cl concentration (and Cl/Br ratios in the next section) between pore 
water and groundwater may be due to several processes. One possibility is that the sampled 
water comes from two different sampling scales. The cores collected and squeezed for pore 
water are 6-in long and 4-inches in diameter and contain a water volume of about 0.31 L (0.08 
gallons) including a porosity of 25%, whereas the samples for groundwater represent a 5 ft 
screen and a borehole annulus diameter of 6.75 inches, which contains about 8.8 L (2.3 gallons) 
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of water. Thus, the concentration found in the pore water could be diluted up to 28.4 times along 
the piezometer screen, assuming the Cl concentration in the groundwater is not the same along 
the entire screened interval. In addition, if the Good Thunder Formation till is fractured, Cl that 
has diffused into the matrix of the till (and not part of the fracture flow) would be “liberated” and 
sampled during squeezing, thus giving a higher concentration to the pore water. Connate water 
and halite minerals in shale present in the Good Thunder till might also be accessed during 
squeezing of the till. 
Perhaps the difference between the pore water and groundwater Cl concentrations is from 
pore water experiencing evaporation sometime between when the core samples were collected, 
and when pore water was extracted from the cores. Evaporation could have increased the 
concentration of Cl in the pore water. However, δ18O and δ2H values do not show an evaporation 
influence in the pore water from the till core samples (Figure 28; Figure 30). 
Another possibility is that the drilling/installation processes introduced more dilute 
groundwater to the formation and lowered groundwater Cl concentration in the till. On-site well 
water was used in the coring and piezometer installation at the Olivia site, and that could 
possibly explain why groundwater concentrations are lower. However, at the HFC site, use of 
drilling water was not documented during the drilling/installation process, and there is still a 
difference between the groundwater and pore water sample. Sampling scale differences are the 
most likely explanation for the groundwater/pore water Cl concentration difference at the HFC 
site, because the till was not observed to be fractured and there are no Pierre shale clasts in the 
Hewitt Formation till.  
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Chloride/Bromide Mass Ratios 
Mass ratios of Cl/Br also differ between the sites. Groundwater at the Olivia site shows 
the highest Cl/Br mass ratios in deeper parts of the aquitard (Figure 37; Table 13; Table 14). The 
range of mass ratio values is 43 to 1150, although the 1150 ratio is from a piezometer where the 
Br was below detection limit. The highest mass ratio of 890 (where the Br was above the 
detection limit) occurs in the OT-175 piezometer at about 175 ft below land surface. In general, 
these values meet the criteria for anthropogenic contamination in Minnesota (see Bradt, 2017; 
Berg, 2018). The groundwater samples have higher Cl/Br mass ratios than pore water (Figure 37; 
Table 13; Table 14; Table 15). In contrast, at the HFC site, groundwater and pore water mass 
ratio results are very similar (Figure 37). The Cl/Br mass ratio ranges from 46 to 108 for the 
groundwater samples, with the highest value occurring at 174 ft below land surface and no 
observable trend with depth (Table 13). These samples do not suggest extensive anthropogenic 
contamination of groundwater by Cl at the HFC site, which is consistent with the Cl results 
earlier. 
The Cl/Br mass ratios in pore water for the Olivia site range from 78 to 165, with the 
highest concentration in the shallowest piezometer where core was collected (about 20 ft below 
land surface) and are considerably lower than groundwater samples. The trend of Cl/Br mass 
ratios for pore water at the Olivia site ranges from high mass ratios in the shallower core 
samples, to lower ratios in the middle depth core samples, and then back to increasing higher 
ratios in the deepest core samples. Pore water Cl/Br mass ratios at the HFC site ranged from 88 
to 117, with no trend evident with depth. Again, these values do not suggest extensive 
anthropogenic contamination. 
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 The Cl/Br mass ratio can also be affected by the concentration of Br in the samples. 
Remenda and van der Kamp (1997) showed that bentonite in well construction sealants has Br 
that can increase its concentration in the groundwater in the well. In contrast, Br could be 
removed by some processes. Specifically, the Br concentrations at the Olivia site are some of the 
lowest at the two sites. Because the Good Thunder Formation till is pre-Wisconsin in age, 
perhaps Br concentrations in precipitation have varied through time and were much lower prior 
to the Wisconsin episode (Davis et al. 2004). The fact that the Good Thunder Formation till is 
the more clay-rich till unit of the till units at the two sites, suggests the possibility that Br 
concentrations are being decreased by clay in the till. For example, pH-dependent adsorption of 
Br to clays can occur onto clay minerals such as kaolinite and montmorillonite, as well as iron 
and aluminum oxides (Goldberg and Kabengi 2010). The mineral adsorption of Br can occur up 
to a pH of 8; however there is very minimal adsorption above pH 7 (Goldberg and Kabengi 
2010). Measurements of groundwater pH for the two sites show a pH between 7 and 8, except 
for OT-13 at the Olivia site whose pH of 6.6 may be influenced by recent rainwater. Hence, at 
the pH values observed at the Olivia site (and the HFC site) if there is Br adsorption, it is 
minimal. Curiously, the pore water Br concentrations tend to be higher than the groundwater 
concentrations there. If the geology is affecting the Br concentrations, the type of clay may also 
be important. Without further analysis to investigate influences of piezometer construction or Br 
adsorption, none of the possible explanations can be eliminated completely.  
Nitrate-N and nitrite-N 
Concentrations of NO3-N in groundwater at both sites suggest that denitrification may be 
occurring in the till. The HFC site has no detectable NO3-N (<0.01 mg/L) present in any 
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groundwater samples, and the Olivia site has 1.06 mg/L present in the shallowest piezometer, 
OT-13, but has no detectable NO3-N for the other groundwater samples (Figure 32; Figure 34; 
Table 13). Pore water samples from the Olivia site range from 1.6 - 5.7 mg/L for NO3-N, and 
range from 2.1 - 5.1 mg/L for NO3-N at the HFC site (Table 15). The difference in NO3-N 
concentrations between pore water and groundwater may be because core samples squeezed for 
pore water were exposed to enough oxygen to cause nitrification of NH4-N during the process of 
squeezing. At the Olivia site, the highest groundwater NO2-N concentration are also where the 
NO3-N concentration was highest (OT-13). Pore water NO2-N samples are below the detection 
limit, which may be due to nitrification in the presence of oxygen. At the HFC site, all NO2-N 
groundwater sample concentrations are below the detection limit and pore water concentrations 
are below the detection limit as well, except for the pore water concentration of 0.015 mg/L in 
groundwater in HT-175. 
Phosphorus 
Evidence of vertical penetration of total P is lacking at either site, however; total P is 
common in the groundwater samples. Groundwater samples at the Olivia site range from 0.021 
to 0.102 mg/L for total P, with the highest concentration occurring in a municipal well in the 
confined aquifer (Figure 32; Table 13). The shallowest piezometer in the surficial aquifer has a 
concentration of 0.072 mg/L for total P. The highest concentration of total P in the aquitard is 
0.076 mg/L, and the lowest in the confining unit is 0.021 mg/L. For pore water samples at the 
Olivia site, all samples are below the detection limit (Figure 32; Table 15). At the HFC site, the 
total P in groundwater ranges from 0.005 mg/L to 0.082 mg/L (Figure 34; Table 13). The lowest 
concentration is found in the surficial aquifer, and the highest concentration occurs in the 
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confined aquifer below the till. The HFC site pore water samples are all below the detection 
limit, except for HT-175, which has a total P concentration of 0.082 mg/L (Figure 34; Table 15). 
At both the Olivia and HFC sites there does seem to be a general trend of increasing total P with 
depth for groundwater samples in till. Neither site has P concentrations indicative of 
anthropogenic contamination  as defined by Kroening and Ferrey (2013) for Minnesota. The total 
P present may instead be related to the anoxic conditions most likely present in the till, because 
anoxic conditions tend to release P into the groundwater via the dissolution of redox-sensitive 
species and biological activity that affects sorption and desorption reactions (Lewandowski et al. 
2015). 
Redox Indicators and Reducing Conditions 
Redox species in groundwater at the Olivia and HFC sites show evidence for a reducing 
environment in the till aquitards (Figure 38; Figure 39). At the Olivia site, dissolved O2 
concentrations range from 0.2 (USGS detection limit) to an anomalous 6 mg/L, with the 
dissolved O2 increasing with depth to 6 mg/L at OT-60 (about 60 ft), and then decreasing to 0.2 
mg/L by piezometer OT-145 (about 143 ft in depth). Concentrations of NO3-N are below the 
detection limit below the depth of the shallowest piezometer (see previous section on NO3-N). 
Concentrations of NH4-N are at or above 1 mg/L in the entire sequence. The concentration range 
for Mn at the site is 0.049 to 3.3 mg/L and peaks in concentration about 20 ft below land surface 
(OT-20), then decreases before increasing slightly in the underlying confined aquifer. The 
dissolved Fe concentrations range from 0.060 to a little over 1.8 mg/L. Dissolved Fe 
concentration in the groundwater sample from OT-60 does decline significantly, perhaps in 
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response to the unusually high concentration of dissolved O2 there. After this initial decline, there 
is an increase in Fe concentration in the groundwater through the till, and then a decrease in 
concentration in the confined aquifer (Figure 38). Sulfate concentrations range from 1.7 to 42 
mg/L, with the highest concentration found in samples from OT-20 nearest the ground surface. 
Sulfate concentrations decline after 20 ft below land surface, then increase again in OT-145, and 
then decline in concentrations in the confined aquifer (Figure 39). Other than the odd dissolved 
O2 concentration reading in OT-60 and lack of Mn increase with depth, reducing conditions in 
the aquitard are shown by the lack of NO3-N, presence of NH4-N, dissolved Fe, and low SO4 
concentrations A Fe reduction zone occurs in the bottom half of the aquitard (seen in OT-105 to 
OT-175), where there is a steady increase in Fe concentration (Figure 38). 
The evidence for strongly reducing conditions at the HFC site, compared to those at the 
Olivia site, is less convincing. Dissolved O2 concentrations in groundwater range from 0.2 to 0.3 
mg/L in the aquitard (Table 13). Concentrations of NO3-N are below the detection limit and 
NH4-N is less than 0.2 mg/L. Manganese concentrations range from 0.104 to 0.888 mg/L at the 
HFC site, with an increase in concentration from 114 ft to about 174 ft  and then a decline in 
concentration right above the confined aquifer (Figure 39). Dissolved Fe concentrations are 
much lower than at the Olivia site and range from 0.022 to 0.486 mg/L, with the peak 
concentration occurring in the groundwater sample at the top of the till (Figure 39). The SO4 
concentrations range from 7 to 40 mg/L, with an increase to a maximum concentration at about 
140 ft, followed by a decline in SO4 in the till below and into the confined aquifer (Figure 39). In 
summary, a more active redox environment seems to occur in till at the Olivia site compared to 
the till at the HFC site. The Olivia site seems to have progressed through to alternate electron 
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acceptor Fe and possibly to SO4. The lack of high Fe concentrations at the HFC site suggests that 
it may have only progressed through Mn reduction.  
Anomalous dissolved O2 concentrations at Olivia may have several possible 
explanations. Dissolved O2 was measured in field by pumping groundwater directly from the 
piezometers and through a YSI multi-parameter water-quality monitor. There is a possibility that 
air bubbles trapped in tubing or aeration of the groundwater from pumping may have affected the 
results (Lewis 2006). If reducing conditions are suspected, it is generally wise to avoid 
evacuating the piezometers to dryness prior to sampling, because oxygen may be introduced into 
the formation directly (Simpkins and Parkin, 1993). The USGS protocol of evacuating to dryness 
was done at both the Olivia and HFC sites. Piezometer installation itself may allow oxygen into 
the groundwater (Cherry et al. 2004). Oxygen introduction during installation or evacuation may 
explain why the increase in dissolved O2 at the Olivia site affects Fe concentration there.  
Groundwater Geochemical Evolution 
Groundwater Type 
Piper and Stiff plots are useful to show differences in groundwater type and to suggest 
evolution of geochemistry along a groundwater flow line. In this study, the flow lines are 
assumed to be vertical. The Olivia site does show a difference between the groundwater type of 
the two most shallow piezometers compared to the deeper piezometers. The two shallowest 
piezometers have higher Ca concentrations and thus are in the Ca-HCO3-type field (Figure 40; 
Figure 41). The deeper piezometers at the Olivia site either approach (but are still in the Ca-
HCO3-type field) or are Na-HCO3-type water. For the HFC site, all groundwater samples occur 
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in the Ca-HCO3-type field except from groundwater in one piezometer (HT-140 at 140 ft below 
land surface), which is in the Na-HCO3-type field (Figure 40; Figure 41). 
For the Olivia site, the difference between shallow and deeper piezometers may be 
related to cation exchange in the till, where there is an evolution of groundwater geochemistry 
with depth. Though the groundwater type does not increase steadily from more Ca to more Na 
vertically downward into the till, the occurrence of zones (shallow Ca-HCO3-type dominated 
groundwater and deeper Na-HCO3-type dominated groundwater) is a trend observed elsewhere 
in groundwater in Renville county and is likely related to cation exchange (Bradt 2017). 
However, at the HFC site the lone point occurring  in the Na-HCO3-type field may either be a 
natural outlier or suggest an outside source of Na, such as Na-bentonite contamination from the 
drilling and installation process. Because the drilling process was the same at both sites, 
groundwater at Olivia may also reflect Na-bentonite contamination.  
To help determine whether cation exchange is responsible for the Na-HCO3-type 
groundwater, profiles of major cations in groundwater were constructed. A depth profile of 
cations (Na, K, Ca, and Mg) show that at the Olivia site, the groundwater at 60 ft and below has 
similar amounts of Na (about 4-6 mmol/L) that does coincide with a decrease in Ca and Mg in 
groundwater at that depth and below (Figure 42). The HFC site depth profile of these cations 
shows that at 140 ft there is an increase in both Na and K and a subsequent decrease in Ca and 
Mg at that depth, followed by a decrease of Na and K and an increase of Ca and Mg in the 
groundwater below and into the confined aquifer (Figure 43). If the increase in Na and K at 140 
ft is not from bentonite contamination and is instead from a natural process, this could be related 
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to an increase in silt and clay in the till at about 140-145 ft below land surface (Figure B3; Table 
B2). Cation exchange is known to be associated with clays (Harrington et al. 2007).  
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SOURCES OF UNCERTAINTY 
There are many sources of uncertainty in this investigation. For instance, Na-bentonite 
contamination of groundwater and intrusion into screened intervals may have occurred during 
the piezometer installation process for some piezometers. At the Olivia site, piezometer OT-35 is 
suspect because of the long recovery time and lack of any geological reason for such a low K 
(6x10-6 ft/d) value compared to the rest of the till K data (Figure B1; Table B1). Unfortunately, 
we were unable to sample the piezometer to test for Na-bentonite. Drilling of surrounding 
piezometers caused drilling fluids to seep out of the ground surface around piezometers OT-145 
and OT-105 at the Olivia site. Possibly, the movement of groundwater from the drilling process 
that caused the mud to seep out may have led to contamination of groundwater in the till. 
However, the Piper plot and Stiff diagram analysis (Figure 40; Figure 41) do not show any of the 
deep till piezometers at Olivia having significantly more Na than the others (other than the 
shallow piezometers OT-13 and OT-20) and the pumping wells show that the confined aquifer 
has similar Na concentrations to the deeper piezometers (OT-60 to OT-175). At the HFC site, 
HT-140 groundwater may have Na-bentonite contamination or may have a higher amount of Na 
because of the geology (a layer of higher clay and silt percentage) (Figure B3; Table B2). These 
sources of uncertainty in whether or not the till groundwater was affected by piezometer drilling 
and installation stem from only having one round of sampling completed, or no sampling 
completed in the case of piezometer OT-35. Comparisons can be made between the laboratories 
that analyzed the samples (Table 17) and between pore water and groundwater results, but 
comparisons cannot be made through time to see if there are any fluxes in geochemical analytes.  
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Other uncertainties stem from the lack of data that comes with only being able to observe 
point information vertically in a complicated 3-dimensional groundwater system. Geological 
uncertainties are from only being able to observe one borehole at the Olivia site and two at the 
HFC site and extrapolating that stratigraphically to the surrounding geology, thus assuming the 
stratigraphy at each piezometer is the same as the borehole. There is the possibility that 
heterogeneity, such as sand lenses, are missed because of the inability to observe all cores 
produced at the sites. The area and volume of the confined aquifers at the two sites are unknown 
for the HFC site and estimated for the Olivia site. This leads to uncertainty with the estimation of 
recharge through the till. The geometric mean K values for the till units are based on slug test 
results from the piezometer screened intervals; however, values of K between the screened 
intervals are unknown. Therefore there is the possibility that an important geologic layer with a 
distinct K value that affects the overall bulk vertical K of the till has been overlooked.  
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SUMMARY AND CONCLUSIONS 
This study investigated two glacigenic aquifer/aquitard systems at Olivia, MN and the 
University of Minnesota Hydrogeology Field Camp site near Akeley, MN. The objectives of the 
study were: 
1. To estimate the vertical flux (leakage/recharge) and travel times to the aquifer 
using Darcy’s Law with parameters from hydraulic head, slug test, and pumping 
test data;  
2. To use 3H, δ18O, δ2H isotope data and anthropogenic contaminants (e.g. Cl, Br, 
NO3-N) from pore water and groundwater to provide an independent estimate of 
(1); 
3. To characterize the overall groundwater chemistry; determine geochemical trends 
along vertical groundwater flow paths; and assess geochemical zones and redox 
conditions in the aquitards. 
The HFC site hydraulic results suggest a faster travel time when compared to the Olivia 
site. At the Olivia site the vertical hydraulic gradient is overall downwards through the till at an 
estimated hydraulic gradient of 0.13, so there is evidence that some of the recharge to the 
confined aquifer is from leakage through the aquitard. The aquifer test completed showed a 
poroelastic response that prevented the till from being analyzed (as of yet) for an overall Kv 
value. Slug test Kh data at the Olivia site suggests a possible average travel time of around 216 
years from the top of the till to the bottom of the till. At the HFC site an estimated vertical 
hydraulic gradient of 0.04 suggests an overall downward flow through the aquitard, which 
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suggests that leakage through the aquitard at the HFC site is happening and contributing to the 
recharge of the confined aquifer. At the HFC site, slug test Kh data suggests an average travel 
time through the till of about 56 years, while the bulk Kv from the aquifer test suggests a travel 
time of around 77 years. The estimate of leakage/recharge through the aquitard based on the slug 
test Kh data is 6 MGY at the Olivia site and is 93 MGY at the HFC site, while the mean bulk Kv 
value at the HFC site suggests 68 MGY (assuming an area of 1 mi2 at the HFC site). At both 
sites, lower K in the till and the disconnect between shallower and deeper piezometer water level 
patterns does suggest there is a part of the till units that do act as aquitards that prevents 
groundwater from moving quickly from the surface into the confined aquifer below. 
Tritium, δ18O, and δ2H isotope data were useful in constraining travel times through the 
till. Tritium data at the Olivia site has more modern 3H concentrations from the surficial aquifer 
to the top of the till at 20 ft BLS, but there is no 3H present in the rest of the groundwater in the 
till or in the confined aquifer groundwater. The Olivia site δ18O and δ2H results suggest that no 
glacial-age water is present. Based on the 3H and stable isotopes, a travel time of 216 years is 
possible. The 3H present throughout the till at the HFC site does show that the groundwater 
leakage through this site has modern recharge from the 1960’s and 1950’s that agrees with faster 
travel times through the till. The HFC site δ18O and δ2H results agree with the 3H data and the K 
data, because there was no glacial-age water detected.  
At the Olivia site, the hydraulic and Cl data do not always corroborate on the 
groundwater travel time through the till. Chloride concentrations and Cl/Br mass ratios at the 
Olivia site may suggest possible anthropogenic contamination that would not corroborate a travel 
time of 216 years and may suggest a faster travel time or geochemical influences from 
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installation and drilling. There is also the possibility there is a geologic source in the till for the 
Cl concentrations, perhaps from the weathering of minerals (such as hornblende and biotite) 
which has been attributed to increasing Cl concentrations in groundwater systems in studies 
(Peters 1991; Mullaney et al. 2009). Another possibility is lateral migration of Cl from a 
geologic or anthropogenic source could be occurring in the sand lenses present in the till at the 
Olivia site as well as migration of Cl between sand lenses vertically, that then by advection 
and/or diffusion flows into the aquitard (Hendry et al. 2000). For the groundwater Cl/Br mass 
ratios in the deeper areas of the till that are high enough to suggest anthropogenic contamination, 
either those are indicative that contamination has reached the deeper areas of the aquitard or that 
there may be geologic interference (perhaps a specific type of clay or mineral) that is lowering 
the Br concentrations in the groundwater (Goldberg and Kabengi 2010). Cl/Br mass ratios of 
pore water at the Olivia site are all below thresholds that constitute possible anthropogenic 
contamination. Even so, the groundwater results and comparison of Na and Cl do suggest that 
OT-20, near the top of the till unit, may have anthropogenic Cl contamination. 
Unlike at the Olivia site, the Cl groundwater data does not suggest anthropogenic 
contamination at the HFC site. The Cl concentrations in the pore water of the till are fairly high 
(around 20-50 mg/L) compared to what is usually found in uncontaminated groundwater (a mean 
of 3 mg/L in Minnesota)  (Sander et al. 2008). Based on all the Cl/Br mass ratio analyses at HFC, 
neither the pore water nor groundwater results suggests anthropogenic sources for the Cl. The 
groundwater Cl concentrations at the HFC site are what would be expected in uncontaminated 
groundwater as well (Sander et al. 2008). The differences between the groundwater Cl 
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concentrations at the Olivia site (developed agricultural town) and the HFC site (undeveloped 
forest) could possibly be related to land use differences (Sander et al. 2008). 
The NO3-N groundwater results suggest denitrification is occurring in the till at both 
sites, because there is an absence of NO3-N in the groundwater. While the pore water results do 
show the presence of NO3-N, this is possibly because of the oxic environment the cores were 
subjected to during the squeezing process. The groundwater in the surficial aquifer piezometer 
OT-13 (13 ft below the land surface) at the Olivia site, does show the presence of NO3-N (1.06 
mg/L). 
For the analyses of distinct geochemical zones in the till units at each site, the Olivia site 
shows possible differences between the groundwater in the shallow piezometers and the deeper 
piezometers. Dissolved Fe and NH3-N and NH4-N increase with depth in the till unit 
groundwater, while NO3-N and SO4 decrease in the deeper till groundwater. This suggests that at 
the Olivia site there is an oxic zone in the shallower part of the till and surficial aquifer and a 
reducing zone in the deeper parts of the till and into the confined aquifer. The overall analysis of 
groundwater-type shows that OT-13 (surficial aquifer) and OT-20 (top of the till) groundwater 
samples are distinct from the deeper piezometer and confined aquifer groundwater samples. The 
groundwater in the shallowest piezometers are Ca-HCO3 dominant and the deeper groundwater 
samples are more Na-HCO3 dominant. The more reducing conditions in the till at the Olivia site 
and the presence of Na-HCO3-type groundwater in the deeper areas of the till versus Ca-HCO3-
type groundwater in the shallower part of the system, may suggest that the travel time is longer at 
the Olivia site compared to the HFC site. The HFC site does not show an increase in NH3-N + 
NH4-N with depth nor a large increase in dissolved Fe downwards through the till, both of which 
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are present at the Olivia site. The HFC site redox results suggest that the till groundwater, as well 
as the groundwater from the unconfined and confined aquifers (MW-01 and HB-3) is reducing. 
The dissolved O2 at the HFC site is at or near the USGS detection limit in all sampled 
piezometers/wells, and NO3-N is absent throughout the groundwater samples. At the HFC site, 
the piezometer HT-140 (about 140 ft in depth) groundwater is distinct when compared to the 
other piezometers. There is a zone of increased SO4 concentrations around piezometer HT-140. 
The groundwater in HT-140 is also distinct in groundwater-type as the only groundwater sample 
that is classified as Na-HCO3-type groundwater, while all the rest of the piezometers and wells 
are classified as Ca-HCO3-type groundwater. This may be either related to Na-bentonite 
contamination or to the geology. 
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SUGGESTIONS FOR FUTURE WORK 
Resampling 
If the drilling and piezometer installation affected the geochemistry, then the data 
presented here may not be completely representative of the pre-drilling geochemical 
environment of the till. Bentonite contamination is a possibility, especially in OT-35 at the Olivia 
site as well as HT-140 at the HFC site (which has Na-HCO3-type groundwater). Analytes that are 
associated with bentonite contamination include Cl, Br, Na, and SO4, which increase initially 
after installation and then decrease through time (Remenda and Van der Kamp 1997). Sampling 
for these particular analytes 500 days after the installation of the piezometers should provide 
evidence of whether the concentrations in the first round of sampling may have been affected by 
installation/drilling.  
 Resampling of Cl and Br concentrations would also allow for the comparison of Cl/Br 
mass ratios to the first round of sampling and to make sure the ratios are not anomalous. Because 
some of the samples obtained in groundwater at the Olivia site in 2017 suggested Cl 
contamination at significant depths in the till, resampling may provide further evidence to 
support (or not) the first round of results. 
Piezometer OT-35 at the Olivia site was not sampled for groundwater geochemistry, 
primarily because  the recovery took a long time and the USGS-mandated three well volume 
evacuations could not be accomplished. Sampling this piezometer may give evidence of Na-
bentonite getting into the screened interval and would help corroborate the K value derived from 
the long-term water level recovery, which was extremely low (6 x 10-6 ft/day) compared to other 
 
 
 
 
 
 
 
100 
K values in the till aquitard. If analytes associated with Na-bentonite were found in the 
piezometer then the K value in OT-35 could be removed from the database. The odd dissolved 
O2 concentration of 6 mg/L in OT-60 at Olivia that is 60 ft below land surface could also be 
investigated and another measurement done. Resampling may show a more accurate 
representation of the natural redox conditions of the sites. 
Finally, δ18O and δ2H were used in the first round of sampling to see if glacial-aged 
groundwater was present at either of the sites. Neither site showed the presence of this older 
water. Although this conclusion may not change, additional stable isotope analysis would be 
useful to investigate seasonal changes of δ18O and δ2H in the groundwater in the shallow 
piezometers. 
Geology 
 The groundwater and pore-water geochemistry are affected by the type of sediment and 
minerals in the sediment that the groundwater comes in contact with along a flow path. Archived 
core samples could be analyzed for minerals and elemental concentrations. X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) have been used to observe mineral and 
elemental composition of till material (Al-Ani et al. 2008). Investigating the mineralogy of the 
till may lead to answers about whether the Cl may be geologic in source or if there are clay 
minerals present that could affect Br concentrations. 
 One uncertainty in this project was the size (thickness and width) of the confined aquifers 
under investigation, especially at the HFC site. Estimations of recharge to the confined aquifers 
would be better estimated if approximate sizes were known. Lithology data from cores and 
geophysical methods could perhaps be used. Studies have been done in Manitoba using airborne 
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electromagnetic data along with seismic reflection and borehole data to create 3-D models of 
glacial aquifer/aquitard systems (Sapia et al. 2015).  
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FIGURES 
 
 
Figure 1. Map showing the extent of glacial lobes and sublobes in Minnesota during the 
Wisconsin Glacial Episode (Wisconsin glaciation), as well as the locations of the phase I 
(Litchfield and Cromwell) and II (Olivia and HFC) sites. Figure adapted from Jennings and 
Johnson (2011). 
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Figure 2. Google Earth image showing the Olivia site, the town of Olivia, and the surrounding 
farmland. Olivia is located in Renville county shown in orange on the inset map of Minnesota. 
Adapted from Google Earth (a) (2019). 
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Figure 3. Google Earth image showing the HFC site, the nearby town of Akeley, Williams Lake, 
and the surrounding farmland, forest, and lakes. HFC is located in Hubbard county shown in 
orange on the inset map of Minnesota. Adapted from Google Earth (b) (2019). 
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Figure 4. Map showing the extent of glacial deposits in Minnesota associated with the Des 
Moines, Rainy, Superior, and Wadena lobes. Phase I (Cromwell and Litchfield) and phase II 
(Olivia and HFC) study sites are shown. Map data from Hobbs and Goebel (1982). 
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Figure 5. Core log showing matrix texture and sand lithology for the New Ulm, Traverse Des 
Sioux, and Good Thunder Formations in Sibley County, MN southeast of Olivia. The New Ulm 
Formation contains a higher percentage of shale clasts than the underlying units. Data from the 
Minnesota Geological Survey. Diagram from Johnson et al. (2016). 
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Figure 6. Diagram showing glacial stratigraphic units that may be encountered in Hubbard 
County (HFC site) from west to east, the Marine Isotope Stage (MIS) stage, and approximate 
ages of the units. Diagram from Knaeble (2018). 
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Figure 7. Geologic map showing the fault-bounded blocks of Precambrian bedrock underlying 
Olivia in Renville county. Adapted from Jirsa et al. (2013). 
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Figure 8. Map showing the elevation of the bedrock surface underlying the Olivia region. The 
town lies just north of a major west to east bedrock valley. Map adapted from Setterholm (2013). 
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Figure 9. Map of bedrock geology underling the HFC site in Hubbard county. Bedrock at the site 
consists of Cretaceous clay, shale, and sandstone. Adapted from Chandler and Radakovich 
(2018). 
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Figure 10. Map showing the elevation of the bedrock surface underlying the HFC site, which lies 
in a bedrock valley. Adapted from Chandler and Radakovich (2018). 
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Figure 11. Maps showing the potentiometric surface and cones of depression associated with the 
in the sz and s5 confined aquifers at Olivia. The drawdown may be related to long-term pumping 
of both aquifers. Adapted from the Geologic Atlas of Renville County, Minnesota map figures 
from Bradt (2017). 
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Figure 12. Major stratigraphic and hydrogeologic units in Minnesota. Table from Adolphson et 
al. (1981). 
 
 
 
 
 
 
 
130 
 
Figure 13. Map showing mean annual recharge rates in Minnesota for 1996-2010 based on the 
USGS Soil-Water-Balance model. Figure from Smith and Westenbroek (2015). 
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Figure 14. Conceptual model of redox zonation and groundwater flow paths in a glacial outwash 
aquifer in west-central Minnesota. Figure from McMahon et al. (2011). 
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Figure 15. Piezometer construction and lithology at the Olivia site. Written communication from 
Witt (2017). 
 
 
 
 
 
 
 
133 
 
Figure 16. Piezometer construction and lithology at the HFC site. Written communication from 
Witt (2017). 
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Figure 17. Piezometer and pumping well locations at the Olivia site. 
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Figure 18. Piezometer and pumping well locations at the HFC site. 
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Figure 19. Diagram of a rotasonic drill. Figure from Sporin and Vukelic (2016). 
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Figure 20. Hydraulic head measurements from transducer data and tipping bucket rain gage 
precipitation data recorded from October 2017 to October 2018 at the Olivia site. 
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Figure 21. Hydraulic head measurements from transducer data and tipping bucket rain gage 
precipitation data recorded from October, 2017 to October, 2018 at the HFC site. 
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Figure 22. Hydraulic head and log K depth profile at the Olivia site. 
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Figure 23. Water level difference from mean at the Olivia site during the July, 2018 pumping test 
of the confined aquifer 
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Figure 24. Hydraulic head and log K depth profile at the HFC site. 
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Figure 25. Water level difference from mean at the HFC site during the July, 2018 pumping test 
of the confined aquifer. 
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Figure 26. Box-and-whisker plot of log K for the Olivia site till (purple) and the HFC till 
(yellow). Midline in the box is the median; values greater than 1.5*QR are shown by circles 
(there is only one, HT-140). 
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Figure 27. Results of stable isotope analysis of the Olivia and HFC site pore water (PW) and 
groundwater (GW) samples compared to the Global Meteoric Water line. The equation for the 
GMWL is δ2H = 8δ18O + 10‰ (Craig 1961). The equation for the evaporation line is δ2H = 5.13 
δ18O  - 22.37‰, R-squared = 0.999. A linear fit of all the samples (except the HFC groundwater 
sample showing evaporation) has a line equation of δ2H = 7.67δ18O + 7.06‰, R-squared = 
0.978. The all sample confidence interval is at 95%. 
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Figure 28. Stable isotope and 3H depth profile at the Olivia site. 
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Figure 29. Comparison of the Olivia site δ18O groundwater and pore water. Dashed lines 
represent 95% confidence intervals. 
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Figure 30. Stable isotope and 3H depth profile at the HFC site. 
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Figure 31. Comparison of the HFC site δ18O groundwater and pore water. Dashed lines 
represent 95% confidence intervals. 
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Figure 32. Cl, NO3-N, P, and Cl/Br mass ratios with depth below land surface at the Olivia site 
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Figure 33. Cl concentrations of groundwater versus pore water at the Olivia site. 
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Figure 34. Cl, NO3-N, P, and Cl/Br mass ratios with depth below land surface at the HFC site. 
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Figure 35. Cl concentrations of groundwater versus pore water at the HFC site. 
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Figure 36. Oliva site (top) and HFC site (bottom) groundwater Cl vs Na. Arrows indicate the 
difference between the 1:1 line and the result (the amount of Cl needed to be placed on the 1:1 
line is shown near the arrow). 
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Figure 37. Pore water and groundwater Cl/Br mass ratios for both sites. D.L. stands for detection 
limit. 
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Figure 38. Redox indicators in groundwater and pore water at the Olivia site. Below 200 ft are 
results from the confined aquifer. 
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Figure 39. Redox indicators in groundwater and pore water at the HFC site. Below 200 ft are 
results from the confined aquifer. 
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Figure 40. Piper plot of USGSNWQL groundwater sample data for the Olivia and HFC sites. 
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Figure 41. Stiff diagram of USGSNWQL groundwater sample data at Olivia and HFC sites. 
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Figure 42. Major cation concentration in groundwater with depth at the Olivia site. 
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Figure 43. Major cation concentration in groundwater with depth at the HFC site.
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TABLES 
Table 1. Piezometer and well names, locations, and construction information.  
 
Piezometer 
or Well 
Name 
 
USGS Site ID 
 
Latitude 
 
Longitude 
 
Land 
Surface 
Elevation 
(ft 
NAVD88) 
 
Drill 
Depth 
(ft BLS) 
 
Well 
Depth 
(ft 
BLS) 
 
Borehole 
Diameter 
(in) 
 
Pressure 
Transducer 
OT-13 444630095002202 44°46'30.34" 95°00'21.43" 1,070.51 13.2 13.15 6.75 Y 
OT-20 444630095002203 44°46'30.14" 95°00'21.42" 1,070.75 20.2 20.17 6.75 Y 
OT-35 444630095002204 44°46'29.95" 95°00'21.42" 1,070.60 35.0 34.81 6.75 N 
OT-60 444630095002205 44°46'29.75" 95°00'21.42" 1,070.67 60.0 59.91 6.75 Y 
OT-105 444630095002206 44°46'30.64" 95°00'21.74" 1,071.61 105.2 105.10 6.75 Y 
OT-145 444630095002207 44°46'30.53" 95°00'21.75" 1,071.44 145.0 144.26 6.75 Y 
OT-175 444630095002208 44°46'30.43" 95°00'21.75" 1,071.46 175.5 175.39 6.75 Y 
OB-7 444630095002209 44°46'30.33" 95°00'21.76" 1,071.39 230.0 209.76 6.75 Y 
Olivia-4 444630095002201 44°46'29.65" 95°00'21.65" 1,071.00 238.0 238.0 unknown Unknown 
Olivia-5 444639095002201 44°46'39.47" 95°00'21.78" 1,075.01 226.0 226.0 unknown Unknown 
MW-01 465652094394501 46°56'52.45" 94°39'47.79" 1,453.54 85.0 85.0 6.2 Y 
HT-115 465652094394801 46°56'52.81" 94°39'47.97" 1,452.00 115.0 115.02 6.75 Y 
HT-140 465652094394802 46°56'52.79" 94°39'47.84" 1,452.39 140.5 140.44 6.75 Y 
HT-175 465652094394803 46°56'52.89" 94°39'47.87" 1,452.04 175.0 175.14 6.75 Y 
HT-200 465652094394804 46°56'52.90" 94°39'48.01" 1,452.04 200.0 197.89 6.75 Y 
HB-3 465652094394701 46°56'52.84" 94°39'47.20" 1,453.03 223.66 223.66 6.5 Y 
[ft, feet; in, inches; ft BLS, feet below land surface; ft NAVD88, feet above North American Datum of 1988]
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Table 2. Piezometer and well casing and screen information. 
Piezometer 
or Well 
Name 
Casing 
Diameter 
(in) 
Screen 
Diameter 
(in) 
Screen Slot 
Size 
Screen Slot 
(in) 
Screen 
Length 
(ft) 
Screened 
Interval Top  
(ft BLS) 
 
Screened 
Interval Bottom 
(ft BLS) 
OT-13 1.32 1.38 10 0.01 5.14 7.89 13.03 
OT-20 1.32 1.38 10 0.01 2.47 17.44 19.91 
OT-35 1.32 1.38 10 0.01 2.47 32.08 34.55 
OT-60 1.32 1.38 10 0.01 3.03 56.74 59.77 
OT-105 1.32 1.38 10 0.01 2.99 101.95 104.94 
OT-145 1.32 1.38 10 0.01 2.98 141.15 144.13 
OT-175 1.32 1.38 10 0.01 3.00 172.26 175.26 
OB-7 2.07 2.00 10 0.01 4.79 204.92 209.71 
Olivia-4 12.00 12.00 40-30 0.040-0.030 34.00 204.00 238.00 
Olivia-5 12.00 12.00 15-40 0.015-0.040 30.00 196.00 226.00 
MW-01 2.00 2.00 unknown unknown 5.00 80.00 85.00 
HT-115 1.32 1.32 10 0.01 2.48 112.35 114.83 
HT-140 1.32 1.32 10 0.01 2.48 137.77 140.25 
HT-175 1.32 1.32 10 0.01 2.48 172.47 174.95 
HT-200 1.32 1.32 10 0.01 2.48 195.22 197.70 
HB-3 2.07 2.04 7 0.007 10.20 213.33 223.53 
[ft, feet; in, inches; ft BLS, feet below land surface] 
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Table 3. Well development information for piezometers installed at Olivia and HFC. 
Piezometer 
Name 
Total 
development 
time (min) 
Total 
volume 
pumped 
(gal) 
Average 
flow rate 
(GPM) 
Average well 
volume (gal) 
Number of well 
volumes purged 
OT-13 82 71.3 0.87 0.40 177.0 
OT-20 56 16.7 0.37 1.01 18.4 
OT-35 10 2.7 0.44 0.98 2.4 
OT-60 31 11.9 0.47 3.31 3.9 
OT-105 51 36.5 0.72 5.86 5.2 
OT-145 40 32.6 0.85 8.14 4.0 
OT-175 68 48.7 0.72 10.17 4.8 
OB-7 113 36.2 0.32 6.45 5.6 
HT-115 163 82.6 0.73 3.88 21.3 
HT-140 27 19.9 0.75 5.47 3.6 
HT-175 64 43.7 0.68 7.72 5.7 
HT-200 190 95.1 0.58 9.70 9.8 
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Table 4. USGSNWQL quality assurance for groundwater samples. Comparison between replicates as well as equipment blank results. 
In parentheses is the percent difference between the groundwater samples and the replicates. 
Analyte 
 
OT-145 
Replicate 
  
HT-200 
Replicate 
OT-60 
Equipment Blank 
HT-175 
Equipment Blank 
Dissolved O2, unfiltered, (mg/L) 0.2 (0) 0.2 (0) NA NA 
pH, unfiltered, field 7.5 (0) 7.5 (0) NA NA 
CO3, filtered, mg/L 1.7 (6.1) 0.7 (80) <0.1 <0.1 
HCO3, filtered, mg/L 434 (1.8) 230 (1.8) 1.6 4.5 
NH3+NH4-N, filtered, mg/L 1.28 (0.8) 0.14 (0) 0.02 <0.01 
NO2-N, filtered, mg/L as N <0.001 (0) <0.001 (0) <0.001 <0.001 
NO3+NO2, filtered, mg/L as N <0.01 (0) <0.01 (0) <0.01 <0.01 
P filtered, mg/L as P 0.134 (NA) 0.019 (11.1) <0.003 <0.003 
Ca, filtered, mg/L 46.2 (3.1) 52.4 (0.9) 0.031 <0.022 
Mg, filtered, mg/L 20 (1.0) 13.4 (2.2) <0.011 <0.011 
Na, filtered, mg/L 104 (2.8) 7.08 (0.6) <0.1 <0.1 
K, filtered, mg/L as P  1.84 (4.3) 1.53 (1.3) <0.1 <0.1 
Cl, filtered, mg/L 13.4 (2.2) 0.56 (3.5) <0.02 <0.02 
Br, filtered, mg/L 0.023 (9.1) <0.01 (0) <0.01 <0.01 
SO4, filtered, mg/L 21.3 (7.7) 11.5 (0.9) <0.02 <0.02 
F, filtered, mg/L 0.69 (2.9) 0.1 (0) <0.01 <0.01 
SiO2, filtered, mg/L 26.1 (0) 17.6 (1.1) <0.018 <0.018 
Fe, filtered, ug/L 1630 (4.2) 71.8 (11.1) <10 <10 
Mn, filtered, ug/L 100 (5.8) 485 (1.7) 0.24 <0.2 
Alkalinity, filtered, mg/L as CaCO3 359 (1.7) 190 (2.1) 1 3 
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Table 5. The Olivia and HFC sites have mean hydraulic head values from transducer measurements obtained between October 1, 2017 
to October 11, 2018. 
Piezometer 
Name 
Average Water 
Level  
(ft NAVD88) 
Average Water 
Level 
 (ft BLS) 
OT-13 1063.92 6.59 
OT-20 1064.19 6.56 
OT-60 1063.33 7.34 
OT-105 1056.47 15.14 
OT-145 1052.93 18.51 
OT-175 1045.07 26.39 
OB-7 969.27 102.12 
MW-01 1391.60 61.94 
HT-115 1391.43 60.57 
HT-140 1391.43 60.96 
HT-175 1389.01 63.03 
HT-200 1387.57 64.47 
HB-3 1387.15 65.88 
[ft BLS, feet below land surface; ft NAVD88, feet above North American Datum of 1988] 
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Table 6. Gradients between piezometers at the sites. 
 
Olivia 
 
i 
 
Direction 
OT-13 to OT-20 0.03 Upward 
OT-20 to OT-60 0.02 Downward 
OT-60 to OT-105 0.15 Downward 
OT-105 to OT-145 0.09 Downward 
OT-145 to OT-175 0.25 Downward 
OT-175 to OB-7 2.25 Downward 
 
HFC 
 
i 
 
Direction 
MW-01 to HT-115 0.005 Downward 
HT-115 to HT-140 6.1E-05 Downward 
HT-140 to HT-175 0.07 Downward 
HT-175 to HT-200 0.063 Downward 
HT-200 to HB-3 0.02 Downward 
Gradients <0.02 may be non-resolvable (Meyer et al. 2014). 
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Table 7. Mean vertical hydraulic gradients between the uppermost and lowermost screens at each 
piezometer nest. 
[ft BLS, feet below land surface; ft NAVD88, feet above North American Datum of 1988] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site 
Name 
Overall                                 
Hydraulic 
Gradient 
Direction 
Upper 
Screen 
Midpoint 
(ft BLS) 
Lower 
Screen 
Midpoint 
(ft BLS) 
Upper 
Mean 
Water 
Level (ft 
NAVD88) 
Lower 
Mean 
Water Level 
(ft 
NAVD88) 
Olivia 0.48 Downward 1060.05 864.075 1063.92 969.27 
HFC 0.03 Downward 1371.04 1234.60 1391.60 1387.148 
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Table 8. Slug test mean hydraulic K data. Mean hydraulic conductivity (K) values from slug 
tests, lithology, and Formation for each piezometer.  
Piezometer Mean K (ft/d) Lithology Formation Name 
OT-13 1.60E+00 sand and gravel Holocene stream sediments 
OT-20 1.10E-02 till Good Thunder 
OT-60 1.40E-03 till Good Thunder 
OT-105 2.10E-04 till Good Thunder 
OT-145 1.70E-02 till Good Thunder 
OT-175 2.10E-02 till Good Thunder 
OB-7 3.10E+00 sand and gravel Undefined Pleistocene 
MW-01 2.50E+01 sand and gravel Hewitt 
HT-115 3.60E-01 till Hewitt 
HT-140 4.20E-04 till Hewitt 
HT-175 2.80E-02 till Hewitt 
HT-200 1.40E-01 till Hewitt 
HB-3 7.30E+01 sand and gravel Pre-Wisconsin 
Olivia Good Thunder Till geometric mean K = 4E-03 ft/d 
HFC Hewitt Till geometric mean K = 3E-02 ft/d 
  
[ft/d, feet per day]      
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Table 9.  Comparison of hydraulic conductivities. 
Site Test Type 
Till Hydraulic Conductivity in feet per day 
Minimum Maximum Geometric Mean 
Olivia 
Olivia slug test 0.00021 0.026 0.0041 
Aquifer test NA NA NA 
HFC 
HFC slug test 0.00042 0.36 0.028 
Aquifer test 0.011 0.037 0.020* 
*Mean value between the minimum and maximum not geometric mean 
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Table 10. Hydraulic characteristics at Olivia and HFC estimated age in years, specific discharge, and estimated vertical recharge 
through the till at each site. 
Site 
Name 
Avg. 
Gradient 
(i) 
Through 
Till                                  
Till 
Geometric 
Mean (K) 
ft/d 
x (ft) ne A 
(mi2) 
Avg. Age 
(years) 
q (in/yr) 
Q 
(gallons/year) 
Olivia 0.13 4E-03 166 0.25 0.08 216 2.3 3.3E+06 
HFC 0.04 3E-02 100 0.25 1** 56 5.4 9.3E+07 
 
Site 
Name 
Avg. 
Gradient 
(i) 
Through 
Till                                  
Avg. 
Aquifer 
Test 
 (K) ft/d 
x (ft) ne 
 
A 
(mi2) 
 
Avg. Aquifer 
Test K Age 
(years) 
 
q 
(in/yr) 
 
Q 
(gallons/year) 
HFC 0.04 2E-02 100 0.25 1** 77 3.9 6.8+07 
**Not based on an actual aquifer size measurement since the HFC confined aquifer has no estimated 
recorded area. 
 
[i, hydraulic gradient; ft/s, feet per second; ft, feet; ne, effective porosity; mi2, square miles; in/yr, inches per year; gallons/year, 
millions of gallons per year] 
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Table 11. Groundwater stable isotope analysis. 
Piezometer !18O  !2H Enriched 3H  
OT-13 -8.71 -57.58 5.6 
OT-20 -9.47 -64.44 5.2 
OT-60 -10.07 -70.00 <0.8 
OT-105 -10.08 -70.48 <0.8 
OT-145 -10.24 -71.58 <0.8 
OT-145 Duplicate -10.18 -71.24 NA 
OT-175 -10.33 -72.75 <0.8 
Olivia-4 -10.51 -74.19 <0.8 
Olivia-5 -10.30 -73.11 <0.8 
MW-01 -7.38 -60.29 6.6 
HT-115 -11.56 -81.25 21.4 
HT-140 -11.98 -84.12 5.3 
HT-175 -11.17 -79.30 2.6 
HT-200 -11.71 -82.81 1.8 
HT-200 Duplicate -11.69 -82.61 NA 
HB-3 -11.62 -82.05 <0.8 
Uncertainty for stable isotopes is ±	1%. Olivia site groundwater: !18O is ± 0.07 ‰ and !2H is ± 0.34 ‰. HFC site groundwater: !18O 
is ± 0.06 ‰ and !2H is ± 0.29 ‰. Enriched 3H for both sites are ± 0.8 T.U. 
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Table 12. Porewater stable isotope analysis. 
Piezometer 
 
 !18O  
  
 
!2H  
  
 
Mean Core Sample 
Depth  
(ft BLS) 
OT-20 -9.26 -63.47 19.45 
OT-35 -9.20 -62.34 33.85 
OT-60 -9.89 -68.84 58.75 
OT-105 -9.99 -70.46 103.55 
OT-145 -10.11 -71.90 143.45 
OT-175 -9.90 -71.47 174.6 
HT-115 -11.98 -82.83 112.9 
HT-140 -11.86 -82.58 137.1 
HT-175 -11.38 -81.29 171.7 
HT-200 -11.42 -81.41 195.75 
Uncertainty for stable isotopes is ±	1%. Olivia site pore water: !18O is ± 0.06 ‰ and !2H is ± 0.29 ‰. HFC site pore water: !18O is 
± 0.07 ‰ and !2H is ± 0.34 ‰. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
7
3
 
Table 13. Groundwater analysis done by the USGS National Water quality lab. 
Piezometer 
 
Specific 
Cond. &S 
  
 
Diss. O2 
mg/L 
  
 
pH 
 
Temp 
(°() 
 
CO3 
mg/L 
 
HCO3 
mg/L 
 
NH3+
NH4-N 
mg/L 
 
NO2-N 
mg/L 
 
NO3-N 
mg/L 
 
NO3+
NO2-N 
mg/L 
 
P 
mg/L 
 
Ca 
mg/L 
 
Mg 
mg/L 
OT-13 905 0.4 6.6 12.8 0.4 585 0.03 0.012 1.06 1.08 0.072 132 45.5 
OT-20 1,210 0.7 7 12.3 0.8 724 0.83 0.001 <0.009 <0.01 0.021 150 70.9 
OT-60 750 6 7.5 11.3 2.7 464 0.61 <0.001 <0.01 <0.01 0.075 31.7 18.4 
OT-105 680 0.3 7.4 9.7 1.7 430 1.64 <0.001 <0.01 <0.01 0.076 52.7 28.1 
OT-145 740 <0.2 7.5 9.7 1.6 442 1.27 <0.001 <0.01 <0.01 NA 44.8 19.8 
OT-175 734 <0.2 7.4 10.1 1.3 436 1.56 0.001 <0.009 <0.01 NA 53.1 23.8 
Olivia-4 671 <0.2 7.4 10 1.1 408 0.78 <0.001 <0.01 <0.01 0.102 39.8 17.8 
Olivia-5 714 <0.2 7.2 10.1 0.6 462 0.92 <0.001 <0.01 <0.01 0.033 55.5 23.4 
MW-01 345 0.3 7.4 10.9 0.5 224 0.21 <0.001 <0.01 <0.01 0.005 56 11.8 
HT-115 366 <0.2 7.4 9.4 0.7 217 0.07 <0.001 <0.01 <0.01 0.009 52.9 13.2 
HT-140 525 0.3 7.5 <13.2 2.3 280 0.1 <0.001 <0.01 <0.01 0.066 21.2 4.91 
HT-175 391 <0.2 7.5 <12.4 0.6 237 0.14 <0.001 <0.01 <0.01 0.063 47.6 12 
HT-200 370 <0.2 7.5 8.8 0.3 226 0.14 <0.001 <0.01 <0.01 0.017 52.9 13.7 
HB-3 360 <0.2 7.6 9.6 0.5 233 0.13 <0.001 <0.01 <0.01 0.082 53.8 14 
[<, less than] [*, the Br is less than the detection limit for Cl/Br mass ratios] 
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Table 13. (Continued) 
Piezometer 
 
Na 
mg/L 
  
 
K 
mg/L 
  
Cl 
mg/L 
Br mg/L 
SO4 
mg/L 
F 
mg/L 
SiO2 
mg/L 
Fe 
ug/L 
Mn 
ug/L 
Alkalinity 
Cl/Br Mass 
Ratio 
OT-13 14.7 0.41 7.12 0.034 19.2 0.48 31.1 61.1 302 480 209.41 
OT-20 26.4 4.7 40 0.125 42.2 0.34 27.5 1320 3300 595 320 
OT-60 131 3.41 13.1 0.302 13.2 0.65 23.2 151 583 385 43.38 
OT-105 66.8 3.68 11.5 <0.01 1.69 0.36 29.6 1030 49.5 356 1150* 
OT-145 107 1.92 13.7 0.021 23 0.71 26.1 1700 106 365 652.38 
OT-175 87.8 1.73 17.8 0.02 13.6 0.93 26.8 1840 153 360 890 
Olivia-4 94.9 2.28 16 0.276 2.87 1.11 20.2 859 471 337 57.97 
Olivia-5 81.9 2.57 8.97 <0.01 7.89 0.8 22.4 343 587 380 897* 
MW-01 2.62 1.52 0.7 <0.01 4.48 0.07 13.5 45.1 104 185 70* 
HT-115 4.57 1.76 0.57 <0.01 13.6 0.11 11.4 486 399 179 57* 
HT-140 96 1.95 1.54 0.016 40.5 0.38 16 92.3 365 234 96.25 
HT-175 19.6 1.75 1.08 0.01 15.2 0.15 17.4 77.7 888 195 108 
HT-200 7.04 1.51 0.58 <0.01 11.6 0.1 17.8 80.2 477 186 58* 
HB-3 4.19 1.52 0.46 <0.01 7.18 0.08 17.3 22.4 123 192 46* 
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Table 14. Groundwater anion analysis by Ion Chrom Analytical. 
Piezometer 
 
F 
mg/L 
  
 
C2H3O2 
mg/L 
  
HCO2 
mg/L 
Cl 
mg/L 
Br 
mg/L 
NO2-N 
mg/L 
NO3-N 
mg/L 
SO4 
mg/L 
S2O3 
mg/L 
P 
mg/L 
 
Cl/Br 
Mass 
Ratio 
OT-13 0.368 <0.015 <0.015 7.242 0.041 <0.003 1.098 19.331 <0.015 <0.015 176.63 
OT-20 0.242 <0.015 <0.015 39.714 0.112 0.237 0.022 41.826 <0.015 <0.015 354.59 
OT-60 0.625 <0.015 0.209 13.196 0.274 0.677 0.013 13.755 <0.015 0.019 48.16 
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Table 15. Porewater anion analysis by Ion Chrom Analytical. 
Piezometer 
 
Mean 
core 
sample 
depth (ft 
BLS) 
 
F 
mg/L 
  
 
C2H3O2 
mg/L 
  
HCO2 
mg/L 
Cl 
mg/L 
Br 
mg/L 
NO2-N 
mg/L 
NO3-N 
mg/L 
SO4 
mg/L 
S2O3 
mg/L 
P 
mg/L 
 
 
Cl/Br 
Mass 
Ratio 
OT-20 19.45 0.619 <0.015 3.617 85.910 0.520 <0.003 3.730 60.924 0.072 <0.015 165.21 
OT-35 33.85 0.682 <0.015 6.182 35.909 0.257 <0.003 2.303 91.141 12.857 <0.015 139.72 
OT-60 58.75 0.761 <0.015 3.505 41.851 0.420 <0.003 5.658 38.370 2.463 <0.015 99.64 
OT-105 103.55 0.879 <0.015 2.717 27.387 0.349 <0.003 1.629 20.145 3.252 <0.015 78.47 
OT-145 143.45 1.411 <0.025 2.282 48.343 0.382 <0.005 2.826 36.140 1.002 <0.025 126.55 
OT-175 174.6 1.043 <0.044 <0.044 40.090 0.296 <0.009 2.540 29.562 0.547 <0.044 135.44 
HT-115 112.9 0.312 <0.015 <0.015 27.611 0.237 <0.003 2.096 26.223 0.081 <0.015 116.50 
HT-140 137.1 0.353 <0.015 <0.015 50.420 0.571 <0.003 5.051 28.438 0.039 <0.015 88.30 
HT-175 171.7 0.162 <0.015 1.024 21.197 0.183 0.015 3.926 21.201 0.051 0.082 115.83 
HT-200 195.75 0.153 <0.015 <0.015 23.507 0.246 <0.003 2.888 20.032 0.050 <0.015 95.56 
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APPENDIX A. HEAD MEASUREMENTS 
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Table A1. Daily mean hydraulic head measurements given in ft NAVD88 from transducer data.  
 
 
Piezometer 10/1/17 10/2/17 10/3/17 10/4/17 10/5/17 10/6/17 10/7/17 10/8/17 10/9/17 10/10/17 10/11/17 10/12/17 10/13/17 10/14/17
OT-13 -- -- 1069.17 1067.65 1066.95 1066.71 1066.81 1066.56 1066.32 1066.20 1066.13 1066.06 1065.93 1065.91
OT-20 -- -- 1069.90 -- -- 1066.80 1066.90 1066.65 1066.39 1066.27 1066.20 1066.14 1066.01 1065.99
OT-60 -- -- 1065.67 1065.76 1065.90 1065.88 -- -- -- -- -- -- -- --
OT-105 -- -- -- 1057.39 1057.32 1057.30 -- -- -- -- -- -- -- --
OT-145 -- -- 1052.03 1051.94 1052.08 1052.03 -- -- -- -- -- -- -- --
OT-175 -- -- -- -- -- 1044.26 1044.38 1044.46 1044.50 1044.60 1044.56 1044.67 1044.72 1044.57
OB-7 -- -- -- -- -- -- -- -- -- -- -- -- -- --
MW-01 1391.79 1391.78 1391.78 1391.78 1391.78 1391.77 1391.78 1391.77 1391.77 1391.77 1391.77 1391.78 1391.77 1391.77
HT-115 1391.59 1391.59 1391.58 1391.58 1391.59 1391.60 1391.60 1391.59 1391.58 1391.59 1391.59 1391.60 1391.59 1391.59
HT-140 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.57 1391.57 1391.57 1391.56 1391.56 1391.57 1391.57 1391.57
HT-175 1389.22 1389.21 1389.19 1389.18 1389.20 1389.21 1389.23 1389.19 1389.16 1389.17 1389.19 1389.21 1389.18 1389.19
HT-200 1387.79 1387.77 1387.74 1387.73 1387.75 1387.76 1387.80 1387.75 1387.71 1387.71 1387.75 1387.77 1387.74 1387.75
HB-3 1387.37 1387.35 1387.32 1387.31 1387.33 1387.35 1387.38 1387.33 1387.28 1387.29 1387.33 1387.35 1387.31 1387.32
Piezometer 10/15/17 10/16/17 10/17/17 10/18/17 10/19/17 10/20/17 10/21/17 10/22/17 10/23/17 10/24/17 10/25/17 10/26/17 10/27/17 10/28/17
OT-13 1065.82 1065.80 1065.75 1065.69 1065.63 1065.61 1065.54 1065.47 1065.44 1065.37 1065.40 1065.32 1065.21 1065.15
OT-20 1065.90 1065.89 1065.85 1065.79 1065.70 1065.69 1065.63 1065.56 1065.54 1065.47 1065.51 1065.43 1065.30 1065.25
OT-60 -- -- -- 1065.05 1064.99 -- -- -- -- -- -- -- -- --
OT-105 -- -- -- 1057.42 -- -- -- -- -- -- -- -- -- --
OT-145 -- -- -- 1052.70 -- 1052.71 1052.78 1052.83 1052.86 -- -- -- -- --
OT-175 1044.49 1044.38 1044.35 1044.41 -- -- -- -- -- -- -- -- -- --
OB-7 -- -- -- -- -- -- -- -- -- -- -- -- -- --
MW-01 1391.77 1391.77 1391.78 1391.78 1391.77 1391.78 1391.78 1391.77 1391.77 1391.77 1391.79 1391.79 1391.77 1391.78
HT-115 1391.59 1391.60 1391.60 1391.60 1391.60 1391.60 1391.60 1391.60 1391.59 1391.59 1391.60 1391.60 1391.59 1391.59
HT-140 1391.57 1391.57 1391.57 1391.57 1391.57 1391.57 1391.58 1391.57 1391.57 1391.57 1391.58 1391.58 1391.58 1391.58
HT-175 1389.19 1389.20 1389.20 1389.21 1389.19 1389.21 1389.21 1389.18 1389.19 1389.17 1389.20 1389.20 1389.17 1389.18
HT-200 1387.75 1387.76 1387.76 1387.76 1387.74 1387.78 1387.77 1387.74 1387.74 1387.73 1387.76 1387.76 1387.72 1387.74
HB-3 1387.32 1387.33 1387.34 1387.35 1387.33 1387.36 1387.36 1387.32 1387.33 1387.31 1387.35 1387.34 1387.30 1387.31
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Piezometer 10/29/17 10/30/17 10/31/17 11/1/17 11/2/17 11/3/17 11/4/17 11/5/17 11/6/17 11/7/17 11/8/17 11/9/17 11/10/17 11/11/17
OT-13 1065.14 1065.03 1064.96 1064.96 1064.83 1064.75 1064.77 1064.67 1064.59 1064.53 1064.51 1064.41 1064.39 1064.35
OT-20 1065.26 1065.14 1065.06 1065.08 1064.93 1064.85 1064.89 1064.79 1064.69 1064.63 -- -- -- --
OT-60 -- -- -- -- -- -- 1064.11 1064.09 1064.04 1063.96 -- -- -- --
OT-105 -- -- -- -- -- -- -- -- -- -- -- -- -- --
OT-145 -- -- -- -- -- -- -- -- -- 1053.70 1053.77 1053.69 1053.75 1053.79
OT-175 1045.31 1045.30 1045.28 1045.38 1045.34 1045.26 1045.34 1045.38 1045.28 1044.98 1045.05 -- 1045.11 1045.22
OB-7 -- -- -- -- -- 971.17 972.06 971.74 971.93 973.65 972.64 971.74 972.01 972.81
MW-01 1391.78 1391.78 1391.77 1391.78 1391.77 1391.76 1391.78 1391.77 1391.76 1391.76 1391.76 1391.76 1391.76 1391.76
HT-115 1391.60 1391.59 1391.59 1391.60 1391.58 1391.58 1391.59 1391.58 1391.58 1391.58 1391.58 1391.57 1391.58 1391.58
HT-140 1391.58 1391.58 1391.57 1391.58 1391.57 1391.57 1391.57 1391.57 1391.57 1391.56 1391.56 1391.56 1391.56 1391.56
HT-175 1389.20 1389.18 1389.16 1389.19 1389.16 1389.14 1389.20 1389.17 1389.15 1389.16 1389.17 1389.15 1389.16 1389.17
HT-200 1387.77 1387.74 1387.73 1387.77 1387.72 1387.70 1387.78 1387.74 1387.71 1387.71 1387.73 1387.70 1387.72 1387.74
HB-3 1387.34 1387.31 1387.29 1387.33 1387.28 1387.26 1387.34 1387.31 1387.27 1387.27 1387.29 1387.26 1387.29 1387.31
Piezometer 11/12/17 11/13/17 11/14/17 11/15/17 11/16/17 11/17/17 11/18/17 11/19/17 11/20/17 11/21/17 11/22/17 11/23/17 11/24/17 11/25/17
OT-13 1064.26 1064.24 1064.25 1064.17 1064.15 1064.14 1064.05 1064.02 1064.03 1063.90 1063.89 1063.88 1063.85 1063.74
OT-20 -- -- -- -- -- -- -- -- -- -- -- -- -- --
OT-60 -- -- -- -- -- -- -- -- -- -- -- -- -- --
OT-105 -- -- -- -- -- -- -- -- -- -- -- -- -- --
OT-145 1053.77 1053.82 1054.03 1053.92 1053.88 1053.95 1053.87 1053.86 1053.91 1053.77 1053.73 1053.79 1053.76 1053.65
OT-175 1045.30 1045.40 1045.61 1045.49 1045.45 1045.54 1045.49 1045.47 1045.53 1045.40 1045.38 1045.46 1045.42 1045.30
OB-7 972.19 972.23 969.19 970.42 971.08 971.34 971.35 971.55 971.48 971.81 971.83 971.72 972.95 972.25
MW-01 1391.75 1391.76 1391.76 1391.75 1391.76 1391.76 1391.75 1391.75 1391.76 1391.74 1391.75 1391.76 1391.75 1391.74
HT-115 1391.57 1391.58 1391.58 1391.57 1391.57 1391.58 1391.57 1391.57 1391.58 1391.56 1391.57 1391.58 1391.58 1391.56
HT-140 1391.56 1391.56 1391.56 1391.56 1391.55 1391.55 1391.55 1391.55 1391.55 1391.55 1391.54 1391.54 1391.54 1391.54
HT-175 1389.15 1389.17 1389.19 1389.16 1389.16 1389.19 1389.15 1389.15 1389.18 1389.11 1389.13 1389.16 1389.17 1389.11
HT-200 1387.71 1387.73 1387.76 1387.72 1387.72 1387.76 1387.71 1387.72 1387.76 1387.66 1387.70 1387.74 1387.75 1387.67
HB-3 1387.28 1387.30 1387.33 1387.29 1387.30 1387.33 1387.28 1387.29 1387.33 1387.22 1387.27 1387.31 1387.32 1387.24
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Piezometer 11/26/17 11/27/17 11/28/17 11/29/17 11/30/17 12/1/17 12/2/17 12/3/17 12/4/17 12/5/17 12/6/17 12/7/17 12/8/17 12/9/17
OT-13 1063.72 1063.74 1063.62 1063.61 1063.55 1063.53 1063.48 1063.48 1063.48 1063.38 1063.33 1063.31 1063.29 1063.24
OT-20 -- -- -- -- -- 1063.62 1063.57 1063.58 1063.59 1063.47 1063.41 1063.40 1063.39 1063.32
OT-60 -- -- -- -- -- -- -- -- -- -- -- -- -- --
OT-105 -- -- -- -- -- -- -- -- -- -- -- -- -- --
OT-145 1053.64 1053.72 1053.59 1053.56 1053.56 1053.54 1053.53 1053.52 1053.61 1053.49 1053.43 1053.44 1053.48 1053.41
OT-175 1045.33 1045.44 1045.36 1045.37 1045.40 1045.40 1045.40 1045.42 1045.53 1045.42 1045.37 1045.38 1045.43 1045.37
OB-7 972.63 971.91 972.82 972.59 972.51 972.64 972.57 973.20 972.59 973.39 973.37 972.51 972.49 973.03
MW-01 1391.74 1391.75 1391.73 1391.74 1391.73 1391.73 1391.74 1391.75 1391.75 1391.74 1391.74 1391.74 1391.74 1391.74
HT-115 1391.57 1391.58 1391.56 1391.57 1391.56 1391.56 1391.56 1391.56 1391.57 1391.56 1391.55 1391.55 1391.56 1391.55
HT-140 1391.54 1391.54 1391.53 1391.53 1391.53 1391.53 1391.53 1391.53 1391.54 1391.53 1391.53 1391.53 1391.53 1391.53
HT-175 1389.13 1389.17 1389.12 1389.14 1389.13 1389.13 1389.13 1389.14 1389.17 1389.12 1389.09 1389.12 1389.13 1389.11
HT-200 1387.70 1387.75 1387.68 1387.70 1387.69 1387.70 1387.69 1387.71 1387.75 1387.67 1387.65 1387.68 1387.70 1387.68
HB-3 1387.27 1387.32 1387.25 1387.27 1387.26 1387.27 1387.26 1387.28 1387.31 1387.25 1387.22 1387.25 1387.28 1387.25
Piezometer 12/10/17 12/11/17 12/12/17 12/13/17 12/14/17 12/15/17 12/16/17 12/17/17 12/18/17 12/19/17 12/20/17 12/21/17 12/22/17 12/23/17
OT-13 1063.20 1063.17 1063.16 1063.14 1063.06 1063.06 1063.01 1062.98 1062.97 1062.90 1062.89 1062.85 1062.82 1062.78
OT-20 1063.30 1063.27 1063.26 1063.25 1063.16 1063.17 1063.10 1063.08 1063.08 1063.00 1062.98 1062.94 1062.91 1062.87
OT-60 -- -- 1062.65 1062.70 1062.59 1062.57 1062.57 1062.49 1062.51 1062.48 1062.42 1062.39 1062.36 1062.32
OT-105 -- -- 1056.54 1056.57 1056.57 1056.57 1056.57 1056.55 1056.55 1056.54 1056.52 1056.51 1056.49 1056.46
OT-145 1053.39 1053.39 1053.34 1053.39 1053.29 1053.32 1053.29 1053.26 1053.30 1053.27 1053.23 1053.20 1053.20 1053.13
OT-175 1045.37 1045.37 1045.33 1045.39 1045.32 1045.35 1045.34 1045.30 1045.36 1045.34 1045.30 1045.26 1045.28 1045.21
OB-7 973.07 973.19 973.54 973.59 973.66 973.84 973.71 973.54 973.59 972.89 972.63 973.13 972.37 973.20
MW-01 1391.73 1391.73 1391.74 1391.73 1391.72 1391.73 1391.72 1391.72 1391.73 1391.72 1391.72 1391.72 1391.72 1391.72
HT-115 1391.55 1391.55 1391.55 1391.55 1391.54 1391.55 1391.54 1391.54 1391.55 1391.53 1391.53 1391.53 1391.53 1391.53
HT-140 1391.53 1391.52 1391.52 1391.52 1391.52 1391.52 1391.52 1391.51 1391.52 1391.51 1391.51 1391.51 1391.51 1391.51
HT-175 1389.11 1389.11 1389.12 1389.12 1389.10 1389.12 1389.10 1389.10 1389.13 1389.09 1389.09 1389.09 1389.10 1389.09
HT-200 1387.68 1387.68 1387.69 1387.69 1387.66 1387.69 1387.67 1387.68 1387.72 1387.66 1387.66 1387.67 1387.67 1387.67
HB-3 1387.25 1387.25 1387.26 1387.27 1387.23 1387.27 1387.24 1387.24 1387.29 1387.22 1387.22 1387.23 1387.23 1387.23
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Piezometer 1/7/18 1/8/18 1/9/18 1/10/18 1/11/18 1/12/18 1/13/18 1/14/18 1/15/18 1/16/18 1/17/18 1/18/18 1/19/18 1/20/18
OT-13 1062.37 1062.32 1062.31 1062.31 1062.26 1062.22 1062.20 1062.20 1062.16 1062.12 1062.13 1062.12 1062.11 1062.07
OT-20 1062.49 1062.42 1062.43 1062.43 1062.34 1062.30 1062.29 1062.30 1062.23 1062.21 1062.23 1062.22 1062.21 1062.16
OT-60 1062.09 1062.07 1062.00 1062.03 1061.90 1061.73 1061.68 1061.76 1061.72 1061.67 1061.73 1061.82 1061.89 1061.84
OT-105 1056.21 1056.27 1056.28 1056.31 1056.30 1056.24 1056.18 1056.15 1056.12 1056.08 1056.06 1056.07 1056.10 1056.14
OT-145 1053.14 1053.05 1053.03 1053.08 1052.93 1052.83 1052.76 1052.80 1052.72 1052.66 1052.74 1052.81 1052.87 1052.81
OT-175 1045.25 1045.10 1045.06 1045.07 1044.89 1044.74 1044.66 1044.68 1044.59 1044.53 1044.61 1044.66 1044.69 1044.56
OB-7 969.64 969.69 969.38 969.18 969.49 968.79 968.92 968.99 968.70 968.52 967.86 967.44 966.01 965.23
MW-01 1391.71 1391.69 1391.70 1391.71 1391.70 1391.69 1391.69 1391.70 1391.69 1391.69 1391.70 1391.70 1391.70 1391.68
HT-115 1391.52 1391.51 1391.51 1391.51 1391.50 1391.49 1391.49 1391.50 1391.49 1391.49 1391.50 1391.50 1391.50 1391.49
HT-140 1391.49 1391.49 1391.48 1391.49 1391.49 1391.49 1391.48 1391.48 1391.48 1391.48 1391.48 1391.48 1391.48 1391.48
HT-175 1389.11 1389.07 1389.08 1389.11 1389.06 1389.03 1389.05 1389.09 1389.05 1389.05 1389.10 1389.10 1389.10 1389.06
HT-200 1387.70 1387.65 1387.67 1387.69 1387.61 1387.59 1387.61 1387.66 1387.60 1387.62 1387.67 1387.68 1387.67 1387.62
HB-3 1387.27 1387.22 1387.24 1387.26 1387.18 1387.15 1387.17 1387.23 1387.17 1387.18 1387.24 1387.25 1387.24 1387.19
Piezometer 12/24/17 12/25/17 12/26/17 12/27/17 12/28/17 12/29/17 12/30/17 12/31/17 1/1/18 1/2/18 1/3/18 1/4/18 1/5/18 1/6/18
OT-13 1062.76 1062.70 1062.66 1062.62 1062.61 1062.58 1062.53 1062.49 1062.46 1062.49 1062.43 1062.40 1062.36 1062.37
OT-20 1062.85 1062.79 1062.75 1062.72 1062.71 1062.67 1062.63 1062.59 1062.56 1062.60 1062.53 1062.50 1062.46 1062.48
OT-60 1062.29 1062.22 1062.15 1062.14 1062.16 1062.12 1062.06 1062.00 1061.97 1062.03 1062.06 1061.99 1061.93 1061.90
OT-105 1056.44 1056.40 1056.35 1056.33 1056.31 1056.29 1056.27 1056.23 1056.20 1056.20 1056.22 1056.21 1056.19 1056.16
OT-145 1053.11 1053.04 1053.01 1053.01 1053.00 1052.99 1052.94 1052.90 1052.86 1052.98 1052.96 1052.93 1052.86 1052.87
OT-175 1045.20 1045.15 1045.13 1045.13 1045.14 1045.14 1045.08 1045.05 1045.02 1045.15 1045.13 1045.08 1045.02 1045.03
OB-7 973.38 973.67 973.56 972.64 973.59 973.16 973.66 973.23 973.58 972.95 972.70 972.84 972.81 973.03
MW-01 1391.71 1391.71 1391.70 1391.71 1391.71 1391.70 1391.70 1391.70 1391.70 1391.71 1391.70 1391.70 1391.70 1391.70
HT-115 1391.53 1391.52 1391.52 1391.52 1391.52 1391.52 1391.51 1391.51 1391.51 1391.53 1391.51 1391.51 1391.50 1391.52
HT-140 1391.51 1391.50 1391.50 1391.50 1391.50 1391.50 1391.49 1391.49 1391.49 1391.49 1391.49 1391.49 1391.49 1391.49
HT-175 1389.09 1389.08 1389.07 1389.08 1389.10 1389.08 1389.07 1389.06 1389.07 1389.11 1389.07 1389.07 1389.06 1389.09
HT-200 1387.67 1387.65 1387.63 1387.65 1387.68 1387.65 1387.64 1387.63 1387.64 1387.70 1387.64 1387.64 1387.63 1387.68
HB-3 1387.23 1387.21 1387.19 1387.20 1387.24 1387.22 1387.20 1387.19 1387.20 1387.27 1387.21 1387.21 1387.20 1387.25
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Piezometer 1/21/18 1/22/18 1/23/18 1/24/18 1/25/18 1/26/18 1/27/18 1/28/18 1/29/18 1/30/18 1/31/18 2/1/18 2/2/18 2/3/18
OT-13 1062.05 1062.06 1062.02 1062.00 1061.98 1061.99 1062.01 1061.97 1061.94 1061.95 1061.91 1061.87 1061.85 1061.84
OT-20 1062.14 1062.15 1062.10 1062.08 1062.08 1062.09 1062.09 1062.06 1062.03 1062.07 1062.00 1061.93 1061.95 1061.94
OT-60 1061.70 1061.65 1061.55 1061.48 1061.48 1061.53 1061.47 1061.38 1061.34 1061.42 1061.50 1061.37 1061.30 1061.41
OT-105 1056.11 1056.07 1056.01 1055.93 1055.87 1055.84 1055.80 1055.74 1055.67 1055.64 1055.63 1055.60 1055.55 1055.55
OT-145 1052.68 1052.63 1052.51 1052.42 1052.37 1052.42 1052.30 1052.17 1052.12 1052.20 1052.23 1052.06 1052.07 1052.14
OT-175 1044.41 1044.37 1044.26 1044.19 1044.17 1044.23 1044.13 1044.00 1043.96 1044.06 1044.11 1043.94 1043.96 1044.04
OB-7 966.05 966.73 967.30 967.76 968.50 968.58 968.29 968.72 968.89 969.24 969.25 969.54 969.15 969.12
MW-01 1391.69 1391.68 1391.68 1391.68 1391.68 1391.69 1391.68 1391.67 1391.67 1391.69 1391.68 1391.67 1391.67 1391.67
HT-115 1391.48 1391.48 1391.48 1391.48 1391.48 1391.49 1391.47 1391.47 1391.47 1391.49 1391.48 1391.46 1391.47 1391.47
HT-140 1391.48 1391.47 1391.47 1391.47 1391.47 1391.47 1391.47 1391.46 1391.46 1391.46 1391.47 1391.46 1391.46 1391.46
HT-175 1389.05 1389.06 1389.05 1389.05 1389.06 1389.09 1389.03 1389.02 1389.04 1389.10 1389.07 1389.02 1389.05 1389.07
HT-200 1387.62 1387.63 1387.61 1387.61 1387.63 1387.66 1387.59 1387.57 1387.60 1387.68 1387.64 1387.57 1387.62 1387.64
HB-3 1387.18 1387.21 1387.19 1387.19 1387.21 1387.24 1387.17 1387.14 1387.17 1387.25 1387.22 1387.14 1387.19 1387.22
Piezometer 2/4/18 2/5/18 2/6/18 2/7/18 2/8/18 2/9/18 2/10/18 2/11/18 2/12/18 2/13/18 2/14/18 2/15/18 2/16/18 2/17/18
OT-13 1061.80 1061.78 1061.75 1061.73 1061.71 1061.68 1061.67 1061.65 1061.61 1061.61 1061.61 1061.58 1061.56 1061.55
OT-20 1061.88 1061.87 1061.83 1061.81 1061.79 1061.76 1061.76 1061.72 1061.67 1061.71 1061.71 1061.64 1061.64 1061.63
OT-60 1061.31 1061.28 1061.23 1061.24 1061.22 1061.18 1061.15 1061.15 1061.07 1061.10 1061.22 1061.22 1061.07 1061.08
OT-105 1055.52 1055.49 1055.46 1055.42 1055.39 1055.35 1055.32 1055.30 1055.27 1055.24 1055.25 1055.28 1055.24 1055.23
OT-145 1052.00 1052.02 1051.95 1051.94 1051.90 1051.83 1051.84 1051.85 1051.73 1051.80 1051.91 1051.87 1051.74 1051.80
OT-175 1043.92 1043.95 1043.90 1043.90 1043.87 1043.84 1043.86 1043.90 1043.79 1043.88 1044.00 1043.96 1043.85 1043.92
OB-7 969.81 969.93 969.74 969.62 970.25 970.54 971.21 970.94 971.06 970.86 970.60 970.76 971.27 971.46
MW-01 1391.66 1391.67 1391.66 1391.66 1391.66 1391.66 1391.66 1391.66 1391.65 1391.66 1391.67 1391.65 1391.65 1391.65
HT-115 1391.47 1391.47 1391.46 1391.46 1391.46 1391.46 1391.46 1391.46 1391.45 1391.46 1391.47 1391.45 1391.45 1391.45
HT-140 1391.46 1391.46 1391.46 1391.45 1391.45 1391.45 1391.45 1391.45 1391.45 1391.45 1391.45 1391.45 1391.44 1391.44
HT-175 1389.04 1389.04 1389.03 1389.03 1389.03 1389.03 1389.05 1389.04 1388.99 1389.06 1389.08 1389.02 1389.02 1389.04
HT-200 1387.62 1387.62 1387.60 1387.61 1387.60 1387.61 1387.63 1387.61 1387.56 1387.65 1387.66 1387.59 1387.60 1387.61
HB-3 1387.18 1387.19 1387.16 1387.17 1387.17 1387.17 1387.20 1387.18 1387.12 1387.22 1387.23 1387.16 1387.17 1387.19
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Piezometer 2/18/18 2/19/18 2/20/18 2/21/18 2/22/18 2/23/18 2/24/18 2/25/18 2/26/18 2/27/18 2/28/18 3/1/18 3/2/18 3/3/18
OT-13 1061.54 1061.51 1061.49 1061.46 1061.45 1061.43 1061.43 1061.41 1061.39 1061.37 1061.35 1061.33 1061.31 1061.30
OT-20 1061.63 1061.58 1061.55 1061.52 1061.53 1061.50 1061.53 1061.47 1061.46 1061.45 1061.43 1061.39 1061.39 1061.37
OT-60 1061.08 1061.05 1060.98 1060.85 1060.86 1060.94 1060.95 1060.99 1060.94 1060.93 1060.92 1060.87 1060.82 1060.81
OT-105 1055.21 1055.19 1055.17 1055.11 1055.07 1055.06 1055.06 1055.07 1055.07 1055.07 1055.07 1055.06 1055.04 1055.02
OT-145 1051.79 1051.73 1051.70 1051.59 1051.62 1051.69 1051.69 1051.72 1051.71 1051.73 1051.72 1051.68 1051.64 1051.63
OT-175 1043.94 1043.90 1043.89 1043.79 1043.83 1043.92 1043.95 1044.01 1044.02 1044.04 1044.05 1044.01 1043.98 1043.97
OB-7 972.07 972.26 972.39 972.59 972.33 972.45 973.37 973.94 973.06 973.01 972.89 972.78 972.36 973.10
MW-01 1391.66 1391.66 1391.65 1391.65 1391.65 1391.65 1391.66 1391.66 1391.64 1391.64 1391.64 1391.64 1391.64 1391.64
HT-115 1391.45 1391.44 1391.44 1391.43 1391.44 1391.44 1391.45 1391.44 1391.43 1391.43 1391.44 1391.44 1391.43 1391.44
HT-140 1391.45 1391.45 1391.45 1391.44 1391.44 1391.44 1391.44 1391.44 1391.44 1391.44 1391.44 1391.44 1391.43 1391.43
HT-175 1389.03 1389.01 1389.02 1388.98 1389.00 1389.03 1389.04 1389.05 1389.01 1389.01 1389.01 1388.99 1388.99 1389.00
HT-200 1387.61 1387.59 1387.60 1387.55 1387.58 1387.61 1387.63 1387.63 1387.59 1387.58 1387.59 1387.56 1387.56 1387.58
HB-3 1387.19 1387.16 1387.17 1387.12 1387.15 1387.19 1387.20 1387.21 1387.16 1387.16 1387.17 1387.14 1387.13 1387.16
Piezometer 3/4/18 3/5/18 3/6/18 3/7/18 3/8/18 3/9/18 3/10/18 3/11/18 3/12/18 3/13/18 3/14/18 3/15/18 3/16/18 3/17/18
OT-13 1061.43 1061.88 1062.02 1062.06 1062.08 1062.08 1062.03 1061.96 1061.89 1061.82 1061.85 1062.08 1062.31 1062.42
OT-20 1061.49 1061.94 1062.02 1062.07 1062.09 1062.09 1062.03 1061.96 1061.90 1061.85 1061.91 1062.14 1062.39 1062.46
OT-60 1060.82 1060.97 1061.19 1061.27 1061.32 1061.39 1061.39 1061.33 1061.28 1061.23 1061.27 1061.32 1061.45 1061.61
OT-105 1055.00 1055.00 1055.02 1055.03 1055.04 1055.07 1055.10 1055.10 1055.08 1055.08 1055.09 1055.09 1055.08 1055.09
OT-145 1051.62 1051.65 1051.66 1051.64 1051.62 1051.69 1051.66 1051.62 1051.61 1051.59 1051.68 1051.64 1051.62 1051.66
OT-175 1043.99 1044.01 1044.02 1044.00 1044.00 1044.07 1044.07 1044.05 1044.06 1044.06 1044.16 1044.12 1044.09 1044.12
OB-7 973.11 973.84 973.64 973.45 973.63 973.40 973.77 973.60 973.63 973.77 973.52 973.60 973.64 972.81
MW-01 1391.64 1391.64 1391.63 1391.63 1391.63 1391.63 1391.63 1391.63 1391.63 1391.62 1391.63 1391.62 1391.62 1391.62
HT-115 1391.44 1391.44 1391.43 1391.43 1391.43 1391.43 1391.43 1391.42 1391.42 1391.42 1391.43 1391.42 1391.42 1391.42
HT-140 1391.43 1391.43 1391.43 1391.43 1391.43 1391.43 1391.43 1391.43 1391.42 1391.42 1391.42 1391.42 1391.42 1391.42
HT-175 1389.01 1389.03 1389.01 1389.00 1389.00 1389.00 1388.99 1388.98 1388.98 1388.99 1389.02 1388.99 1388.99 1389.00
HT-200 1387.60 1387.62 1387.58 1387.57 1387.58 1387.58 1387.57 1387.56 1387.56 1387.56 1387.60 1387.57 1387.56 1387.57
HB-3 1387.17 1387.20 1387.16 1387.15 1387.15 1387.15 1387.14 1387.13 1387.14 1387.15 1387.19 1387.15 1387.14 1387.16
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Piezometer 3/18/18 3/19/18 3/20/18 3/21/18 3/22/18 3/23/18 3/24/18 3/25/18 3/26/18 3/27/18 3/28/18 3/29/18 3/30/18 3/31/18
OT-13 1062.60 1062.69 1062.73 1062.78 1062.96 1063.11 1063.10 1063.09 1063.11 1063.20 1063.38 1063.41 1063.34 1063.14
OT-20 1062.63 1062.68 1062.71 1062.73 1062.90 1063.06 1063.06 1063.06 1063.08 1063.16 1063.33 1063.36 1063.32 1063.15
OT-60 1061.72 1061.81 1061.85 1061.87 1061.91 1061.99 1062.14 1062.18 1062.20 1062.24 1062.31 1062.37 1062.41 1062.44
OT-105 1055.11 1055.13 1055.14 1055.15 1055.16 1055.17 1055.20 1055.23 1055.25 1055.27 1055.29 1055.31 1055.32 1055.36
OT-145 1051.63 1051.64 1051.62 1051.61 1051.60 1051.60 1051.68 1051.66 1051.65 1051.70 1051.70 1051.69 1051.69 1051.76
OT-175 1044.08 1044.10 1044.08 1044.10 1044.09 1044.10 1044.17 1044.16 1044.17 1044.24 1044.24 1044.24 1044.24 1044.33
OB-7 973.50 973.19 973.99 973.84 973.78 973.89 972.84 973.19 974.26 973.57 974.33 973.51 973.90 973.59
MW-01 1391.62 1391.62 1391.62 1391.61 1391.61 1391.61 1391.61 1391.61 1391.61 1391.61 1391.61 1391.62 1391.62 1391.61
HT-115 1391.42 1391.42 1391.42 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.40 1391.40 1391.40
HT-140 1391.42 1391.42 1391.42 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.42 1391.41 1391.41
HT-175 1389.00 1388.99 1389.00 1388.99 1388.98 1388.99 1388.99 1388.99 1389.00 1389.00 1389.00 1388.97 1388.98 1388.98
HT-200 1387.57 1387.56 1387.56 1387.55 1387.54 1387.55 1387.56 1387.57 1387.59 1387.59 1387.58 1387.54 1387.56 1387.56
HB-3 1387.15 1387.14 1387.14 1387.13 1387.12 1387.13 1387.14 1387.14 1387.16 1387.16 1387.15 1387.11 1387.13 1387.13
Piezometer 4/1/18 4/2/18 4/3/18 4/4/18 4/5/18 4/6/18 4/7/18 4/8/18 4/9/18 4/10/18 4/11/18 4/12/18 4/13/18 4/14/18
OT-13 1062.95 1062.83 1062.67 1062.55 1062.48 1062.54 1062.55 1062.46 1062.35 1062.39 1063.12 1063.60 1063.74 1063.78
OT-20 1062.99 1062.88 1062.72 1062.60 1062.53 1062.56 1062.61 1062.52 1062.40 1062.44 1063.10 1063.57 1063.71 1063.76
OT-60 1062.34 1062.30 1062.21 1062.08 1062.01 1061.92 1061.87 1061.91 1061.85 1061.80 1061.90 1062.22 1062.48 1062.62
OT-105 1055.37 1055.38 1055.39 1055.38 1055.38 1055.38 1055.35 1055.34 1055.33 1055.33 1055.33 1055.34 1055.37 1055.41
OT-145 1051.74 1051.81 1051.80 1051.82 1051.87 1051.85 1051.81 1051.88 1051.84 1051.90 1051.88 1051.90 1051.88 1051.88
OT-175 1044.32 1044.40 1044.40 1044.43 1044.47 1044.45 1044.41 1044.49 1044.46 1044.53 1044.50 1044.49 1044.46 1044.46
OB-7 973.71 973.69 974.49 973.56 973.65 973.13 973.92 973.33 973.86 973.07 973.25 973.55 973.56 973.99
MW-01 1391.61 1391.62 1391.61 1391.61 1391.61 1391.61 1391.61 1391.61 1391.60 1391.61 1391.61 1391.60 1391.60 1391.60
HT-115 1391.40 1391.40 1391.40 1391.40 1391.40 1391.39 1391.40 1391.40 1391.39 1391.40 1391.39 1391.39 1391.38 1391.39
HT-140 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.41 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40
HT-175 1388.98 1388.99 1388.98 1388.97 1388.98 1388.96 1388.97 1388.97 1388.96 1388.98 1388.99 1388.98 1388.96 1388.95
HT-200 1387.56 1387.57 1387.55 1387.55 1387.56 1387.54 1387.54 1387.55 1387.53 1387.56 1387.56 1387.56 1387.53 1387.51
HB-3 1387.13 1387.14 1387.12 1387.11 1387.13 1387.12 1387.12 1387.13 1387.12 1387.14 1387.15 1387.15 1387.11 1387.10
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Piezometer 4/15/18 4/16/18 4/17/18 4/18/18 4/19/18 4/20/18 4/21/18 4/22/18 4/23/18 4/24/18 4/25/18 4/26/18 4/27/18 4/28/18
OT-13 1063.73 1063.58 1063.45 1063.62 1063.76 1064.25 1064.79 1065.21 1065.35 1065.28 1065.21 1065.13 1065.00 1064.82
OT-20 1063.73 1063.61 1063.48 1063.64 1063.77 1064.31 1064.97 1065.42 1065.54 1065.44 1065.35 1065.27 1065.13 1064.94
OT-60 1062.73 1062.77 1062.77 1062.75 1062.75 1062.96 1063.38 1063.81 1064.15 1064.31 1064.33 1064.36 1064.36 1064.22
OT-105 1055.45 1055.50 1055.55 1055.59 1055.59 1055.61 1055.64 1055.69 1055.76 1055.85 1055.92 1056.01 1056.10 1056.16
OT-145 1051.93 1052.00 1052.03 1052.05 1051.97 1052.00 1052.02 1052.03 1052.09 1052.12 1052.16 1052.29 1052.37 1052.34
OT-175 1044.51 1044.60 1044.65 1044.69 1044.62 1044.62 1044.62 1044.59 1044.63 1044.64 1044.70 1044.82 1044.88 1044.83
OB-7 974.35 973.70 974.13 973.51 973.40 973.02 972.42 972.41 972.15 972.57 972.49 972.11 971.43 971.75
MW-01 1391.60 1391.60 1391.59 1391.58 1391.58 1391.57 1391.58 1391.58 1391.58 1391.57 1391.58 1391.58 1391.58 1391.57
HT-115 1391.39 1391.39 1391.39 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.39 1391.38 1391.38
HT-140 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40
HT-175 1388.96 1388.98 1388.98 1388.97 1388.95 1388.97 1388.98 1388.99 1388.99 1388.99 1389.01 1389.02 1389.01 1388.99
HT-200 1387.54 1387.56 1387.55 1387.53 1387.51 1387.53 1387.54 1387.56 1387.57 1387.56 1387.58 1387.60 1387.59 1387.56
HB-3 1387.12 1387.14 1387.13 1387.11 1387.09 1387.11 1387.12 1387.14 1387.15 1387.14 1387.17 1387.19 1387.18 1387.15
Piezometer 4/29/18 4/30/18 5/1/18 5/2/18 5/3/18 5/4/18 5/5/18 5/6/18 5/7/18 5/8/18 5/9/18 5/10/18 5/11/18 5/12/18
OT-13 1064.78 1064.74 1064.62 1064.55 1064.52 1064.45 1064.38 1064.27 1064.20 1064.13 1064.07 1063.95 1063.90 1063.82
OT-20 1064.90 1064.86 1064.74 1064.67 1064.64 1064.57 1064.49 1064.37 1064.31 1064.25 1064.19 1064.05 1064.01 1063.92
OT-60 1064.12 1064.10 1064.02 1063.92 1063.87 1063.84 1063.77 1063.69 1063.63 1063.58 1063.51 1063.42 1063.34 1063.23
OT-105 1056.19 1056.23 1056.26 1056.26 1056.27 1056.28 1056.28 1056.28 1056.28 1056.29 1056.28 1056.27 1056.26 1056.23
OT-145 1052.40 1052.47 1052.46 1052.48 1052.50 1052.55 1052.54 1052.53 1052.59 1052.60 1052.61 1052.60 1052.62 1052.56
OT-175 1044.90 1044.98 1044.98 1045.02 1045.04 1045.10 1045.09 1045.08 1045.13 1045.14 1045.17 1045.15 1045.18 1045.14
OB-7 971.41 972.02 972.99 972.64 973.06 972.12 972.32 972.57 971.47 971.76 972.37 971.99 971.67 973.06
MW-01 1391.58 1391.59 1391.58 1391.58 1391.58 1391.58 1391.58 1391.58 1391.58 1391.59 1391.59 1391.58 1391.59 1391.58
HT-115 1391.39 1391.39 1391.39 1391.39 1391.39 1391.39 1391.38 1391.38 1391.39 1391.39 1391.39 1391.38 1391.39 1391.39
HT-140 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40
HT-175 1389.01 1389.04 1389.02 1389.01 1389.02 1389.02 1389.01 1389.00 1389.01 1389.03 1389.04 1389.01 1389.02 1389.02
HT-200 1387.60 1387.62 1387.60 1387.59 1387.59 1387.60 1387.59 1387.57 1387.59 1387.61 1387.63 1387.58 1387.59 1387.59
HB-3 1387.20 1387.22 1387.20 1387.18 1387.19 1387.19 1387.18 1387.17 1387.18 1387.20 1387.22 1387.18 1387.19 1387.19
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Piezometer 5/13/18 5/14/18 5/15/18 5/16/18 5/17/18 5/18/18 5/19/18 5/20/18 5/21/18 5/22/18 5/23/18 5/24/18 5/25/18 5/26/18
OT-13 1063.77 1063.71 1063.65 1063.59 1063.51 1063.44 1063.36 1063.29 1063.26 1063.26 1063.45 1063.78 1064.07 1064.13
OT-20 1063.88 1063.81 1063.75 1063.70 1063.62 1063.55 1063.46 1063.38 1063.36 1063.37 1063.50 1063.85 1064.14 1064.21
OT-60 1063.21 1063.24 1063.16 1063.12 1063.09 1063.02 1062.92 1062.83 1062.78 1062.95 1062.88 1062.89 1063.10 1063.28
OT-105 1056.22 1056.25 1056.26 1056.27 1056.29 1056.29 1056.28 1056.25 1056.23 1056.30 1056.34 1056.32 1056.31 1056.31
OT-145 1052.67 1052.74 1052.71 1052.76 1052.80 1052.78 1052.71 1052.69 1052.71 1053.05 1052.81 1052.77 1052.78 1052.77
OT-175 1045.25 1045.28 1045.27 1045.32 1045.32 1045.26 1045.17 1045.12 1045.13 1045.36 1045.07 1045.01 1045.03 1045.05
OB-7 971.23 970.64 970.75 969.51 968.63 968.55 968.96 968.58 968.36 961.59 966.02 966.50 967.70 967.91
MW-01 1391.59 1391.59 1391.59 1391.59 1391.59 1391.59 1391.58 1391.58 1391.58 1391.59 1391.58 1391.59 1391.59 1391.59
HT-115 1391.39 1391.39 1391.39 1391.39 1391.40 1391.41 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40
HT-140 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40
HT-175 1389.03 1389.03 1389.02 1389.02 1389.01 1389.03 1389.01 1389.01 1389.02 1389.02 1389.01 1389.02 1389.02 1389.00
HT-200 1387.61 1387.61 1387.59 1387.60 1387.59 1387.61 1387.58 1387.58 1387.60 1387.59 1387.58 1387.59 1387.59 1387.57
HB-3 1387.20 1387.20 1387.19 1387.20 1387.18 1387.20 1387.17 1387.17 1387.20 1387.20 1387.19 1387.20 1387.20 1387.17
Piezometer 5/27/18 5/28/18 5/29/18 5/30/18 5/31/18 6/1/18 6/2/18 6/3/18 6/4/18 6/5/18 6/6/18 6/7/18 6/8/18 6/9/18
OT-13 1064.07 1063.93 1063.79 1063.69 1063.55 1063.43 1063.46 1063.70 1063.61 1063.44 1063.48 1063.60 1063.47 1063.73
OT-20 1064.16 1064.03 1063.90 1063.81 1063.67 1063.55 1063.55 1063.81 1063.75 1063.57 1063.57 1063.71 1063.59 1063.75
OT-60 1063.38 1063.40 1063.38 1063.33 1063.27 1063.19 1062.98 1063.06 1063.12 1063.12 1063.03 1062.98 1063.02 1063.00
OT-105 1056.33 1056.35 1056.38 1056.39 1056.41 1056.41 1056.36 1056.35 1056.34 1056.34 1056.31 1056.27 1056.24 1056.22
OT-145 1052.79 1052.79 1052.82 1052.83 1052.86 1052.86 1052.67 1052.84 1052.76 1052.76 1052.71 1052.63 1052.66 1052.58
OT-175 1045.04 1045.04 1045.02 1045.03 1045.05 1045.07 1044.89 1044.99 1044.88 1044.88 1044.83 1044.74 1044.75 1044.67
OB-7 966.99 966.69 966.45 966.05 965.16 963.30 966.84 962.86 963.66 964.26 964.69 964.61 964.00 966.70
MW-01 1391.58 1391.58 1391.58 1391.58 1391.58 1391.57 1391.57 1391.57 1391.57 1391.57 1391.57 1391.56 1391.56 1391.56
HT-115 1391.40 1391.39 1391.40 1391.40 1391.39 1391.38 1391.39 1391.38 1391.39 1391.38 1391.38 1391.38 1391.38 1391.38
HT-140 1391.40 1391.40 1391.40 1391.40 1391.40 1391.40 1391.39 1391.39 1391.39 1391.39 1391.39 1391.39 1391.39 1391.39
HT-175 1388.99 1388.99 1389.00 1389.02 1389.00 1388.98 1389.01 1389.00 1389.00 1388.99 1389.01 1388.98 1388.99 1389.00
HT-200 1387.56 1387.56 1387.57 1387.59 1387.57 1387.54 1387.58 1387.57 1387.56 1387.56 1387.59 1387.55 1387.56 1387.57
HB-3 1387.16 1387.16 1387.17 1387.19 1387.17 1387.15 1387.18 1387.17 1387.17 1387.16 1387.19 1387.15 1387.16 1387.18
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Piezometer 6/10/18 6/11/18 6/12/18 6/13/18 6/14/18 6/15/18 6/16/18 6/17/18 6/18/18 6/19/18 6/20/18 6/21/18 6/22/18 6/23/18
OT-13 1064.63 1065.26 1066.98 1066.39 1066.08 1065.85 1065.66 1065.49 1065.45 1065.97 1066.33 1066.13 1065.99 1065.85
OT-20 1064.71 1065.14 1067.12 1066.56 1066.24 1066.00 1065.79 1065.63 1065.58 1065.98 1066.48 1066.28 1066.13 1065.99
OT-60 1063.29 1063.72 1064.26 1064.99 1065.18 1065.19 1065.10 1064.95 1064.86 1064.83 1065.14 1065.33 1065.27 1065.19
OT-105 1056.21 1056.24 1056.28 1056.37 1056.48 1056.61 1056.71 1056.78 1056.83 1056.87 1056.95 1057.03 1057.07 1057.10
OT-145 1052.63 1052.67 1052.65 1052.71 1052.75 1052.88 1052.93 1052.94 1053.00 1053.09 1053.25 1053.19 1053.20 1053.18
OT-175 1044.71 1044.75 1044.71 1044.78 1044.85 1045.01 1045.06 1045.09 1045.14 1045.24 1045.37 1045.29 1045.27 1045.21
OB-7 967.13 967.30 968.44 967.68 968.63 967.69 967.63 968.08 968.07 967.60 965.33 967.42 967.52 968.85
MW-01 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56 1391.56
HT-115 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.37 1391.37 1391.37 1391.38 1391.37 1391.38 1391.38
HT-140 1391.39 1391.39 1391.39 1391.39 1391.39 1391.39 1391.39 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38
HT-175 1388.99 1389.01 1389.00 1388.99 1388.99 1389.00 1389.00 1389.00 1388.98 1388.98 1388.99 1388.99 1388.99 1388.99
HT-200 1387.56 1387.58 1387.57 1387.56 1387.56 1387.57 1387.57 1387.57 1387.54 1387.55 1387.56 1387.56 1387.56 1387.56
HB-3 1387.17 1387.18 1387.18 1387.16 1387.18 1387.18 1387.18 1387.18 1387.16 1387.17 1387.18 1387.17 1387.17 1387.17
Piezometer 6/24/18 6/25/18 6/26/18 6/27/18 6/28/18 6/29/18 6/30/18 7/1/18 7/2/18 7/3/18 7/4/18 7/5/18 7/6/18 7/7/18
OT-13 1065.69 1065.60 1065.83 1065.95 1065.86 1065.77 1065.59 1066.04 1066.40 1068.81 1067.75 1067.07 1066.75 1066.54
OT-20 1065.82 1065.73 1065.94 1066.11 1066.01 1065.93 1065.74 1066.07 1066.57 1068.57 1067.84 1067.18 1066.86 1066.65
OT-60 1065.08 1064.96 1064.94 1065.04 1065.13 1065.13 1065.02 1064.93 1065.17 1065.44 1066.20 1066.21 1066.05 1065.90
OT-105 1057.12 1057.13 1057.14 1057.16 1057.19 1057.23 1057.25 1057.26 1057.29 1057.33 1057.41 1057.52 1057.61 1057.69
OT-145 1053.21 1053.22 1053.30 1053.33 1053.40 1053.47 1053.41 1053.49 1053.52 1053.59 1053.62 1053.67 1053.71 1053.77
OT-175 1045.33 1045.39 1045.49 1045.54 1045.62 1045.69 1045.66 1045.74 1045.78 1045.82 1045.87 1045.97 1046.03 1046.12
OB-7 969.04 969.43 970.16 969.76 969.21 969.37 969.97 970.19 969.81 970.31 971.78 971.10 971.08 971.91
MW-01 1391.55 1391.56 1391.56 1391.56 1391.55 1391.56 1391.55 1391.55 1391.55 1391.55 1391.55 1391.55 1391.55 1391.55
HT-115 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.36 1391.36 1391.36 1391.37
HT-140 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.37 1391.37 1391.37 1391.37
HT-175 1388.97 1388.97 1388.98 1388.98 1388.98 1388.98 1388.98 1388.97 1388.96 1388.96 1388.96 1388.94 1388.95 1388.97
HT-200 1387.53 1387.53 1387.55 1387.55 1387.54 1387.55 1387.54 1387.53 1387.53 1387.52 1387.52 1387.49 1387.51 1387.54
HB-3 1387.14 1387.14 1387.16 1387.16 1387.15 1387.16 1387.15 1387.14 1387.14 1387.13 1387.13 1387.10 1387.13 1387.16
 
 
 
 
 
 
 
1
8
8
 
Table A1. (Continued) 
 
 
Piezometer 7/8/18 7/9/18 7/10/18 7/11/18 7/12/18 7/13/18 7/14/18 7/15/18 7/16/18 7/17/18 7/18/18 7/19/18 7/20/18 7/21/18
OT-13 1066.34 1066.16 1065.99 1065.92 1065.81 1065.77 1065.71 1065.61 1065.50 1065.38 1065.29 1066.69 1067.13 1066.65
OT-20 1066.45 1066.27 1066.12 1066.05 1065.92 1065.86 1065.82 1065.73 1065.62 1065.48 1065.39 1066.51 1067.26 1066.77
OT-60 1065.73 1065.61 1065.41 1065.30 1065.21 1065.12 1065.07 1065.03 1064.97 1064.91 1064.81 1064.81 1065.41 1065.71
OT-105 1057.73 1057.78 1057.81 1057.79 1057.80 1057.79 1057.78 1057.78 1057.78 1057.80 1057.80 1057.82 1057.85 1057.91
OT-145 1053.81 1053.94 1053.89 1053.96 1053.98 1053.88 1054.06 1054.09 1054.17 1054.20 1054.21 1054.33 1054.35 1054.35
OT-175 1046.17 1046.31 1046.27 1046.39 1046.42 1046.34 1046.54 1046.59 1046.66 1046.68 1046.70 1046.80 1046.79 1046.79
OB-7 972.50 971.40 974.35 972.44 972.71 975.63 972.93 972.71 971.58 970.90 970.39 970.77 971.29 971.59
MW-01 1391.55 1391.54 1391.55 1391.55 1391.54 1391.54 1391.54 1391.54 1391.54 1391.56 1391.56 1391.56 1391.56 1391.56
HT-115 1391.36 1391.36 1391.36 1391.36 1391.36 1391.36 1391.36 1391.37 1391.37 1391.37 1391.37 -- -- --
HT-140 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 1391.37 -- -- --
HT-175 1388.97 1388.95 1388.95 1388.96 1389.02 1388.98 1388.97 1388.97 1388.97 1388.97 1388.97 -- -- --
HT-200 1387.53 1387.51 1387.51 1387.52 1387.60 1387.55 1387.54 1387.54 1387.54 1387.53 1387.54 -- -- --
HB-3 1387.15 1387.13 1387.13 1387.14 1387.23 1387.17 1387.16 1387.16 1387.16 1387.15 1387.15 -- 1387.13 --
Piezometer 7/22/18 7/23/18 7/24/18 7/25/18 7/26/18 7/27/18 7/28/18 7/29/18 7/30/18 7/31/18 8/1/18 8/2/18 8/3/18 8/4/18
OT-13 1066.39 1066.19 1066.02 1065.90 1065.77 1065.66 1065.53 1065.41 1065.29 1065.18 1065.06 1064.94 1064.84 1064.76
OT-20 1066.50 1066.29 1066.11 1066.00 1065.86 1065.76 1065.64 1065.52 1065.40 1065.30 1065.18 1065.05 1064.95 1064.87
OT-60 1065.68 1065.62 1065.51 1065.41 1065.28 1065.22 1065.11 1064.99 1064.90 1064.80 1064.72 1064.60 1064.51 1064.36
OT-105 1057.96 1058.01 1058.07 1058.12 1058.14 1058.17 1058.18 1058.18 1058.16 1058.15 1058.13 1058.10 1058.07 1058.02
OT-145 1054.34 1054.44 1054.49 1054.52 1054.56 1054.63 1054.61 1054.61 1054.61 1054.58 1054.60 1054.57 1054.59 1054.45
OT-175 1046.80 1046.88 1046.93 1046.94 1046.97 1046.99 1046.95 1046.92 1046.87 1046.70 1046.77 1046.75 1046.75 1046.56
OB-7 971.94 970.98 970.01 970.30 969.11 967.86 967.46 967.26 965.98 965.61 965.23 964.65 963.93 966.11
MW-01 -- -- -- -- -- -- -- -- -- -- -- -- -- --
HT-115 -- -- -- -- -- -- -- -- -- -- -- -- -- --
HT-140 -- -- -- -- -- -- -- -- -- -- -- -- -- --
HT-175 -- -- 1388.98 1388.99 1388.99 -- -- -- -- -- -- -- -- --
HT-200 -- -- 1387.51 1387.53 1387.53 -- -- -- -- -- -- -- 1387.55 1387.54
HB-3 -- -- 1387.13 1387.15 1387.14 1387.12 1387.11 1387.12 1387.13 1387.13 1387.13 1387.13 1387.15 1387.15
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Table A1. (Continued) 
 
 
Piezometer 8/5/18 8/6/18 8/7/18 8/8/18 8/9/18 8/10/18 8/11/18 8/12/18 8/13/18 8/14/18 8/15/18 8/16/18 8/17/18 8/18/18
OT-13 1064.68 1064.58 1064.57 1064.64 1064.50 1064.36 1064.24 1064.13 1064.04 1063.95 1063.88 1063.78 1063.69 1063.62
OT-20 1064.79 1064.69 1064.67 1064.77 1064.62 1064.47 1064.35 1064.24 1064.15 1064.06 1063.99 1063.89 1063.80 1063.74
OT-60 1064.28 1064.21 1064.12 1064.13 1064.12 1064.04 1063.91 1063.78 1063.73 1063.71 1063.59 1063.50 1063.42 1063.27
OT-105 1057.96 1057.91 1057.86 1057.82 1057.78 1057.73 1057.68 1057.62 1057.57 1057.56 1057.52 1057.48 1057.43 1057.36
OT-145 1054.44 1054.43 1054.35 1054.35 1054.27 1054.24 1054.16 1054.07 1054.16 1054.17 1054.11 1054.08 1054.05 1053.82
OT-175 1046.44 1046.34 1046.15 1046.15 1045.98 1045.96 1045.94 1045.62 1045.93 1046.03 1046.01 1045.97 1045.92 1045.30
OB-7 965.12 964.22 965.17 964.57 964.72 964.01 964.78 964.77 962.01 961.48 961.07 960.61 959.67 961.67
MW-01 -- -- -- -- -- -- -- -- -- -- -- -- -- --
HT-115 -- -- -- -- -- -- -- -- -- -- -- -- -- --
HT-140 -- -- -- -- -- -- -- -- -- -- -- -- -- --
HT-175 -- 1388.99 1388.99 1388.98 1388.96 1388.96 1388.95 1388.95 1388.95 1388.94 1388.94 1388.93 1388.92 1388.93
HT-200 1387.52 1387.50 1387.51 1387.51 1387.48 1387.48 1387.48 1387.47 1387.47 1387.47 1387.47 1387.46 1387.45 1387.46
HB-3 1387.12 1387.11 1387.12 1387.11 1387.09 1387.09 1387.08 1387.07 1387.08 1387.07 1387.07 1387.07 1387.05 1387.06
Piezometer 8/19/18 8/20/18 8/21/18 8/22/18 8/23/18 8/24/18 8/25/18 8/26/18 8/27/18 8/28/18 8/29/18 8/30/18 8/31/18 9/1/18
OT-13 1063.56 1063.77 1063.92 1063.80 1063.68 1063.62 1063.56 1063.50 1063.45 1063.40 1063.34 1063.27 1063.22 1063.15
OT-20 1063.68 1063.87 1064.04 1063.92 1063.81 1063.74 1063.67 1063.62 1063.56 1063.50 1063.44 1063.38 1063.33 1063.25
OT-60 1063.20 1063.18 1063.24 1063.29 1063.32 1063.32 1063.21 1063.09 1063.11 1063.08 1062.95 1062.89 1062.98 1062.80
OT-105 1057.28 1057.21 1057.14 1057.07 1057.03 1057.02 1056.99 1056.92 1056.88 1056.88 1056.83 1056.77 1056.78 1056.73
OT-145 1053.71 1053.63 1053.57 1053.57 1053.56 1053.56 1053.40 1053.37 1053.47 1053.42 1053.24 1053.33 1053.42 1053.14
OT-175 1044.61 1044.41 1044.88 1045.13 1044.80 1044.57 1044.66 1044.71 1044.75 1044.62 1044.41 1044.78 1044.74 1044.44
OB-7 961.87 962.07 962.38 962.47 962.34 961.27 963.52 963.78 961.53 960.82 962.25 960.22 958.95 962.50
MW-01 -- 1391.55 1391.55 1391.55 1391.55 1391.55 1391.54 1391.54 1391.54 1391.53 1391.53 1391.53 1391.53 1391.53
HT-115 -- -- -- -- -- -- -- 1391.36 1391.35 1391.34 1391.34 1391.34 1391.34 1391.34
HT-140 -- 1391.39 1391.39 1391.39 1391.39 1391.38 1391.38 1391.38 1391.38 1391.38 1391.38 1391.37 1391.37 1391.37
HT-175 1388.93 1388.92 1388.91 1388.91 1388.93 1388.94 1388.92 1388.93 1388.93 1388.91 1388.91 1388.92 1388.93 1388.91
HT-200 1387.46 1387.44 1387.44 1387.44 1387.46 1387.48 1387.45 1387.47 1387.47 1387.44 1387.44 1387.46 1387.47 1387.45
HB-3 1387.06 1387.05 1387.04 1387.05 1387.07 1387.09 1387.06 1387.08 1387.08 1387.05 1387.04 1387.06 1387.08 1387.05
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Table A1. (Continued) 
 
 
Piezometer 9/2/18 9/3/18 9/4/18 9/5/18 9/6/18 9/7/18 9/8/18 9/9/18 9/10/18 9/11/18 9/12/18 9/13/18 9/14/18 9/15/18
OT-13 1063.07 1063.00 1063.10 1063.66 1063.70 1063.52 1063.33 1063.19 1063.09 1062.99 1062.88 1062.80 1062.72 1062.66
OT-20 1063.17 1063.10 1063.19 1063.72 1063.79 1063.63 1063.45 1063.31 1063.21 1063.11 1062.99 1062.91 1062.84 1062.77
OT-60 1062.63 1062.52 1062.50 1062.67 1062.84 1062.94 1062.90 1062.83 1062.76 1062.69 1062.58 1062.50 1062.42 1062.31
OT-105 1056.63 1056.52 1056.44 1056.39 1056.35 1056.31 1056.27 1056.24 1056.22 1056.21 1056.18 1056.16 1056.14 1056.10
OT-145 1053.00 1052.97 1052.90 1052.96 1052.84 1052.81 1052.77 1052.77 1052.80 1052.82 1052.79 1052.81 1052.79 1052.70
OT-175 1044.35 1044.47 1044.38 1044.60 1044.55 1044.58 1044.60 1044.62 1044.66 1044.72 1044.70 1044.74 1044.72 1044.65
OB-7 964.41 964.13 964.90 962.99 963.94 964.84 965.63 965.80 965.50 965.17 965.30 964.53 964.08 964.66
MW-01 1391.52 1391.52 1391.52 1391.52 1391.51 1391.51 1391.51 1391.51 1391.51 1391.51 1391.51 1391.50 1391.50 1391.50
HT-115 1391.33 1391.33 1391.33 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32
HT-140 1391.37 1391.37 1391.37 1391.36 1391.36 1391.36 1391.36 1391.36 1391.36 1391.36 1391.36 1391.35 1391.35 1391.35
HT-175 1388.91 1388.90 1388.91 1388.88 1388.89 1388.90 1388.90 1388.91 1388.90 1388.90 1388.88 1388.89 1388.87 1388.87
HT-200 1387.44 1387.43 1387.45 1387.42 1387.42 1387.43 1387.44 1387.46 1387.45 1387.45 1387.42 1387.43 1387.40 1387.41
HB-3 1387.05 1387.03 1387.06 1387.02 1387.03 1387.04 1387.05 1387.06 1387.06 1387.05 1387.03 1387.03 1387.01 1387.02
Piezometer 9/16/18 9/17/18 9/18/18 9/19/18 9/20/18 9/21/18 9/22/18 9/23/18 9/24/18 9/25/18 9/26/18 9/27/18 9/28/18 9/29/18
OT-13 1062.59 1062.53 1063.19 1064.01 1065.48 1066.89 1066.22 1065.91 1065.68 1065.51 1065.42 1065.34 1065.17 1065.08
OT-20 1062.70 1062.63 1063.19 1064.05 1065.15 1067.09 1066.39 1066.07 1065.83 1065.66 1065.56 1065.49 1065.31 1065.21
OT-60 1062.25 1062.21 1062.25 1062.64 1063.10 1064.04 1064.81 1065.04 1065.06 1064.96 1064.85 1064.79 1064.66 1064.52
OT-105 1056.06 1056.04 1056.01 1056.00 1056.05 1056.13 1056.24 1056.38 1056.53 1056.65 1056.73 1056.80 1056.84 1056.85
OT-145 1052.73 1052.72 1052.66 1052.71 1052.76 1052.74 1052.76 1052.90 1052.99 1053.06 1053.09 1053.19 1053.15 1053.16
OT-175 1044.66 1044.66 1044.61 1044.67 1044.71 1044.63 1044.64 1044.79 1044.89 1044.97 1045.02 1045.13 1045.11 1045.14
OB-7 964.18 963.65 966.20 965.83 966.95 967.39 967.86 968.21 968.41 968.35 969.05 968.76 969.45 969.93
MW-01 1391.50 1391.50 1391.50 1391.49 1391.49 1391.49 1391.49 1391.49 1391.49 1391.48 1391.48 1391.48 1391.48 1391.47
HT-115 1391.32 1391.31 1391.31 1391.31 1391.32 1391.31 1391.31 1391.31 1391.31 1391.30 1391.30 1391.30 1391.29 1391.29
HT-140 1391.35 1391.35 1391.35 1391.35 1391.34 1391.34 1391.34 1391.34 1391.34 1391.34 1391.34 1391.34 1391.33 1391.33
HT-175 1388.89 1388.87 1388.87 1388.87 1388.90 1388.87 1388.87 1388.88 1388.89 1388.87 1388.86 1388.87 1388.83 1388.84
HT-200 1387.43 1387.40 1387.41 1387.41 1387.45 1387.41 1387.41 1387.42 1387.43 1387.41 1387.41 1387.41 1387.35 1387.37
HB-3 1387.03 1387.01 1387.02 1387.01 1387.05 1387.01 1387.01 1387.02 1387.04 1387.01 1387.01 1387.01 1386.96 1386.97
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Table A1. (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Piezometer 9/30/18 10/1/18 10/2/18 10/3/18 10/4/18 10/5/18 10/6/18 10/7/18 10/8/18 10/9/18 10/10/18 10/11/18
OT-13 1064.98 1064.92 1064.89 1064.88 1064.71 1064.79 1064.77 1064.72 1064.80 1065.15 1068.72 --
OT-20 1065.13 1065.07 1065.04 1065.05 1064.84 1064.93 1064.90 1064.85 1064.94 1065.13 1068.43 --
OT-60 1064.43 1064.39 1064.34 1064.36 1064.23 1064.18 1064.15 1064.08 1064.15 1064.23 1064.34 --
OT-105 1056.86 1056.88 1056.89 1056.92 1056.93 1056.92 1056.92 1056.89 1056.91 1056.94 1056.96 --
OT-145 1053.17 1053.28 1053.29 1053.40 1053.31 1053.40 1053.34 1053.32 1053.44 1053.50 1053.51 --
OT-175 1045.17 1045.27 1045.30 1045.43 1045.35 1045.45 1045.42 1045.43 1045.56 1045.64 1045.63 --
OB-7 970.26 969.27 970.39 970.12 970.36 970.80 971.69 972.26 971.91 971.72 973.21 --
MW-01 1391.47 1391.47 1391.47 1391.47 1391.46 1391.47 1391.46 1391.46 1391.46 1391.46 1391.46 1391.46
HT-115 1391.29 1391.29 1391.29 1391.29 1391.28 1391.29 1391.28 1391.28 1391.28 1391.28 1391.28 1391.27
HT-140 1391.33 1391.33 1391.33 1391.33 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32 1391.32
HT-175 1388.84 1388.85 1388.87 1388.88 1388.82 1388.86 1388.84 1388.84 1388.86 1388.86 1388.89 1388.87
HT-200 1387.38 1387.39 1387.42 1387.43 1387.34 1387.41 1387.38 1387.38 1387.41 1387.40 1387.45 1387.42
HB-3 1386.98 1386.99 1387.02 1387.03 1386.94 1387.01 1386.98 1386.98 1387.01 1387.01 1387.06 1387.03
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Table A2. Hydraulic head measurements taken manually with an e-tape or steel-tape, given in ft NAVD88. 
 
 
Piezometer 5/31/17 6/1/17 6/8/17 6/14/17 6/20/17 7/18/17 7/19/17 7/20/17 7/21/17 7/24/17 8/7/17 8/8/17 8/9/17 8/10/17
OT-13 -- -- -- -- -- -- -- -- -- -- -- -- -- 1063.29
OT-20 -- -- -- -- -- -- -- -- -- -- -- -- -- 1063.33
OT-35 -- -- -- -- -- -- -- -- -- -- -- -- -- 1039.22
OT-60 -- -- -- -- -- -- -- -- -- -- -- -- -- 1034.64
OT-105 -- -- -- -- -- -- -- -- -- -- -- -- -- 1013.43
OT-145 -- -- -- -- -- -- -- -- -- -- -- -- -- 1044.21
OT-175 -- -- -- -- -- -- -- -- -- -- -- -- -- 1034.02
OB-7 -- -- -- -- -- -- -- -- -- -- -- 955.32 953.07 952.41
MW-01 -- -- -- -- -- -- -- -- -- -- 1391.86 -- -- --
HT-115 -- 1391.58 1391.63 1391.65 1391.68 1391.70 -- 1391.46 1391.29 1391.30 1391.68 -- -- --
HT-140 -- -- 1388.77 1389.53 1391.47 1391.57 -- 1391.52 1391.37 1391.17 1391.62 -- -- --
HT-175 -- 1387.86 1389.32 1389.36 1389.34 1389.72 -- 1389.15 1387.00 1386.88 1389.21 -- -- --
HT-200 1390.66 1389.35 1387.95 1387.99 1387.97 1388.13 -- 1386.43 1383.10 1382.95 1387.74 -- -- --
HB-3 -- -- -- -- -- -- 1387.38 1387.33 1382.45 1382.28 1387.33 -- -- --
Piezometer 8/21/17 8/29/17 9/5/17 9/11/17 9/12/17 10/3/17 10/4/17 10/5/17 10/6/17 10/18/17 10/19/17 10/23/17 10/24/17 10/25/17
OT-13 1065.85 1066.32 -- -- -- 1069.72 -- -- -- 1065.68 1065.62 -- 1065.38 1065.41
OT-20 1065.94 1066.42 -- -- -- 1070.14 1067.70 -- 1066.74 1065.77 -- -- 1065.49 1065.51
OT-35 1038.72 1037.72 -- -- -- 1042.16 -- -- -- 1045.50 1045.68 -- -- 1046.84
OT-60 1064.98 1063.43 -- -- -- 1064.90 -- -- 1065.83 1065.06 1064.96 -- 1061.95 1038.13
OT-105 1055.38 1052.96 -- -- -- 1057.07 -- -- -- 1057.42 -- 1044.53 -- 1020.87
OT-145 1050.51 1050.74 -- -- -- 1051.67 -- -- 1052.08 1052.72 -- 1051.75 -- 1053.23
OT-175 1041.56 1041.88 -- -- -- 1043.87 -- -- -- 1044.43 -- 1044.47 -- 1043.41
OB-7 955.07 957.23 -- -- -- 965.69 -- -- -- -- -- 968.23 967.90 969.47
MW-01 -- -- 1391.80 1391.80 -- -- -- 1391.77 -- -- -- -- -- --
HT-115 -- -- 1391.61 -- 1391.61 -- -- 1391.59 -- -- -- -- -- --
HT-140 -- -- 1391.59 -- 1391.04 -- -- 1391.55 -- -- -- -- -- --
HT-175 -- -- 1389.17 -- 1389.08 -- -- 1389.17 -- -- -- -- -- --
HT-200 -- -- 1387.72 -- 1387.72 -- -- 1387.74 -- -- -- -- -- --
HB-3 -- -- 1387.30 1387.31 -- -- -- 1387.33 -- -- -- -- -- --
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Table A2. (Continued) 
 
 
Piezometer 11/3/17 11/6/17 11/7/17 11/16/17 12/1/17 1/30/18 4/4/18 4/5/18 4/17/18 5/23/18 6/1/18 7/10/18 7/11/18 7/12/18
OT-13 -- -- 1064.51 1064.13 -- 1061.96 1062.54 -- -- 1063.27 1063.43 1066.01 1065.95 1065.85
OT-20 -- -- 1064.61 1064.25 -- 1062.06 1062.59 -- -- 1063.37 1063.54 1066.14 1066.06 1065.94
OT-35 -- -- 1049.02 1050.41 1052.37 1057.12 1059.52 -- -- 1061.27 1061.47 1062.89 1062.92 1062.94
OT-60 -- -- 1063.92 -- -- 1061.41 1062.08 -- -- 1062.89 1063.18 1065.44 1065.31 1065.18
OT-105 -- 1056.90 -- -- -- 1055.61 -- 1055.37 -- 1056.34 1056.41 1057.81 1057.79 1057.80
OT-145 -- 1053.66 -- 1053.99 -- 1052.21 -- 1051.89 -- 1052.91 1053.00 1053.97 1054.02 1053.74
OT-175 -- 1045.28 -- -- -- 1044.02 -- 1044.64 -- 1045.16 1045.26 1046.32 1046.49 1046.21
OB-7 970.17 970.70 -- -- -- 967.43 -- 969.16 -- 965.46 959.64 -- 970.78 --
MW-01 -- -- -- -- -- -- -- -- 1391.59 -- -- -- -- --
HT-115 -- -- -- -- -- -- -- -- 1391.40 -- -- -- -- --
HT-140 -- -- -- -- -- -- -- -- 1391.40 -- -- -- -- --
HT-175 -- -- -- -- -- -- -- -- 1388.97 -- -- -- -- --
HT-200 -- -- -- -- -- -- -- -- 1387.54 -- -- -- -- --
HB-3 -- -- -- -- -- -- -- -- 1387.12 -- -- -- -- --
Piezometer 7/13/18 7/17/18 7/18/18 7/20/18 7/21/18 7/22/18 7/31/18 10/10/18 10/11/18
OT-13 1065.79 -- -- -- -- -- -- 1068.37 --
OT-20 1065.87 -- -- -- -- -- -- 1068.47 --
OT-35 1062.96 -- -- -- -- -- -- 1063.92 --
OT-60 1065.03 -- -- -- -- -- -- 1064.76 --
OT-105 1057.78 -- -- -- -- -- -- 1056.99 --
OT-145 1053.76 -- -- -- -- -- -- 1053.56 --
OT-175 1046.25 -- -- -- -- -- -- 1045.67 --
OB-7 977.48 -- -- -- -- -- -- 968.17 --
MW-01 -- 1391.57 -- -- -- -- 1391.53 -- 1391.45
HT-115 -- 1391.36 -- -- -- -- 1391.37 -- 1391.27
HT-140 -- 1391.37 -- -- -- -- 1391.25 -- 1391.32
HT-175 -- 1388.96 -- -- -- -- 1388.95 -- 1388.88
HT-200 -- 1387.53 -- -- -- -- 1387.51 -- 1387.44
HB-3 -- -- 1387.12 1384.82 1382.01 1381.99 1387.14 -- 1387.03
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Figure B1. Borehole OB-7 MGS stratigraphy and gamma ray log information. From Staley and 
Nguyen (2018). 
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Figure B2. MGS OB-7 core analysis ternary diagrams of A: matrix texture (<2 mm grain size); 
B: very coarse-grained sand (1-2 mm) composition of crystalline, carbonate, and shale grains; C: 
very coarse-grained sand composition of Precambrian, Paleozoic, and Cretaceous grains. From 
Staley and Nguyen (2018). 
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Table B1. MGS lithological analysis of core materials from OB-7. From Staley and Nguyen (2018). 
 
Unit abbreviations include: QGTA (Good Thunder 1 member), QGTB (Good Thunder 2 member), QGTC (Good Thunder 3 member), 
QGTD (Good Thunder 4 member), QLHS (Sauk Center Member of the Lake Henry Formation), QUPS (undefined Pleistocene 
sediment). 
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Table B1. (Continued) 
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Table B1. (Continued) 
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Figure B3. Borehole HB1-15 MGS stratigraphy and gamma ray log information. From Staley 
and Nguyen (2018).  
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Figure B4. Borehole HT-200 MGS stratigraphy and gamma ray log information. From Staley 
and Nguyen (2018). 
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Figure B5. MGS HB1-15 core analysis ternary diagrams of A: matrix texture (<2 mm grain size); 
B: very coarse-grained sand (1-2 mm) composition of crystalline, carbonate, and shale grains; C: 
very coarse-grained sand composition of Precambrian, Paleozoic, and Cretaceous grains. From 
Staley and Nguyen (2018). 
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Table B2. MGS lithological analysis of core materials from HB1-15. From Staley and Nguyen (2018). 
 
Unit abbreviations include: QHWT (Hewitt Formation), QBRV (Browerville Formation), QLHS (Sauk Centre Member of the Lake 
Henry Formation), QLHM (Meyer Lake Member of the Lake Henry Formation), QSTF (St. Francis Formation), QELM (Elmdale 
Formation). 
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Table B2. (Continued) 
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Table B2. (Continued) 
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Table B2. (Continued) 
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Table B2. (Continued) 
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APPENDIX C. MANN-WHITNEY U-TEST 
 
Table C1. Till K mean values from rising and falling slug tests used in the Mann-Whitney U-test. 
Piezometer name Hydraulic conductivity (ft d-1) 
 Falling-head Rising-head 
OT-20 1.29E-03 9.00E-03 
OT-60 1.70E-03 8.87E-04 
OT-105 2.13E-04 2.09E-04 
OT-145 1.24E-02 2.17E-02 
OT-175 2.55E-02 1.62E-02 
HT-115 3.73E-01 3.56E-01 
HT-140 3.74E-04 4.59E-04 
HT-175 2.30E-02 3.25E-02 
HT-200 1.43E-01 1.28E-01 
 
Table C2. Results from the Mann-Whitney U-test for HFC and Olivia using a 95% confidence 
interval. 
Test Ta Tb na nb Ua Ub Critical U value H0 
Olivia vs HFC 118 53 10 8 63 17 17 Reject 
 
The equations used in the Mann-Whitney U-test are: 
 
!! = #!#" +
#!(#! + 1)
2 − *! 
!" = #!#" +
#"(#" + 1)
2 − *" 
 
Ta is the sum of ranks for samples A 
 
Tb is the sum of ranks for samples B 
 
na is the sample size for A 
 
nb is the sample size for B 
 
The Critical U value is found in a table of critical values for P=0.05 for the Mann-Whitney U-
Test. 
 
If the obtained U value is larger than the critical U value than the null hypothesis is accepted and 
there is no difference between the sample sets.  
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If the obtained U value is smaller or equal to the critical U value than the null hypothesis is 
rejected and there is a significant difference between the sample sets. 
 
The smallest U value is used, and so Olivia and HFC are significantly different with P=0.05. 
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APPENDIX D. PHREEQC ANALYSES 
The USGS program PHREEQC was used to evaluate USGS groundwater sample data for 
possible saturation indices for both sites. Results for what minerals may be precipitating are seen 
in Table 16. All results with the USGS diss. O2 detection limit of 0.2 mg/L or near the detection 
limit at 0.3 mg/L had the dissolved O2 set to 0 mg/L for the runs, as well as OT-60, which has a 
diss. O2 concentration of 6 mg/L possibly because of an error with the sampling. For the Olivia 
site, according to the PHREEQC output, minerals such as Fe(OH)3, hausmannite, jarosite-K, 
manganite, and pyrolusite may be precipitating in the surficial aquifer (OT-13) as well as OT-20. 
Hematite is highly oversaturated in the shallower piezometers (OT-13 and OT-20) compared to 
the deeper piezometers but does show up as a possible precipitated mineral throughout the 
sediments, sand and gravel aquifers as well as the till aquitard, at the Olivia site. Quartz minerals 
also may be precipitating throughout the sediments as well. Calcite may be precipitating in OT-
20, and OT-105 to OT-175. Rhodochrosite is present as a possible precipitating mineral in the 
confined aquifer, as well as part of the till (OT-20 and OT-60). The mineral siderite may be 
precipitating in the deeper piezometers (OT-105 to OT-175) as well as the confined aquifer at 
Olivia. For the HFC site, the quartz and hematite results were similar to at Olivia, with quartz 
possibly precipitating throughout the sediments at HFC (Table D1). Rhodochrosite shows up as 
only precipitating in the till formation at the HFC site. 
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Table D1. Phreeqc saturation indices results for USGS groundwater sample data. 
Piezometer 
 
% Error 
of Run 
  
CaCO3 
(Aragonite) 
 
CaCO3 
(Calcite) 
 
CaMg(CO3)2 Fe(OH)3 FeOOH Mn3O4 Fe2O3 
KFe3 
(SO4)2 
(OH)6 
MnOOH 
OT-13 3.41 -0.38 -0.23 -0.75 1.80 7.24 1.14 16.43 3.55 3.55 
OT-20 3.19 0.12 0.27 0.37 3.44 8.86 6.51 19.66 0.77 5.42 
OT-60 3.37 -0.17 -0.02 -0.13 -5.61 -0.23 -28.62 1.49 -28.81 -12.15 
OT-105 3.40 -0.11 0.05 -0.06 -5.09 0.23 -32.95 2.38 -28.90 -13.48 
OT-145 3.19 -0.08 0.08 -0.09 -4.59 0.73 -31.24 3.39 -25.68 -12.88 
OT-175 3.84 -0.10 0.05 -0.12 -4.83 0.50 -31.39 2.94 -26.60 -13.00 
Olivia-4 2.90 -0.24 -0.08 -0.40 -5.15 0.18 -29.89 2.29 -28.75 -12.49 
Olivia-5 2.28 -0.26 -0.10 -0.46 -6.16 -0.83 -31.18 0.28 -30.29 -13.00 
MW-01 1.64 -0.29 -0.14 -0.81 -6.31 -0.94 -31.30 0.05 -31.88 -13.04 
HT-115 1.61 -0.36 -0.20 -0.90 -5.31 -0.01 -29.95 1.91 -28.00 -12.45 
HT-140 1.14 -0.50 -0.35 -1.15 -5.69 -0.23 -28.44 1.48 -28.06 -12.26 
HT-175 0.62 -0.22 -0.07 -0.58 5.75 -0.33 -27.38 1.29 -29.25 -11.84 
HT-200 2.03 -0.25 -0.10 -0.69 -5.82 -0.54 -29.13 0.85 -30.08 -12.09 
HB-3 0.84 -0.12 0.04 -0.40 -6.06 -0.75 -29.93 0.43 -31.45 -12.40 
 
CaMg(CO3)2 is dolomite, FeOOH is goethite, Mn3O4 is hausmannite, Fe2O3 is hematite, KFe3 (SO4)2 (OH)6 is jarosite-K, MnOOH is 
manganite, MnO2:H2O is pyrolusite, SiO2 is quartz, MnCO3 is rhodochrosite, and FeCO3 is siderite.  
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Table D1. (Continued) 
Piezometer  MnO2:H2O 
 
SiO2 
(Chalcedony) 
SiO2 MnCO3 FeCO3 
OT-13 6.82 0.42 0.89 -0.51 -9.65 
OT-20 8.71 0.37 -0.52 0.93 -8.44 
OT-60 -26.89 0.30 0.78 0.53 -0.29 
OT-105 -28.61 0.43 0.91 -0.66 0.41 
OT-145 -27.90 0.38 0.86 -0.25 0.72 
OT-175 -28.05 0.38 0.86 -0.17 0.66 
Olivia-4 -27.56 0.26 0.74 0.31 0.32 
Olivia-5 -28.25 0.31 0.78 0.26 -0.24 
MW-01 -27.95 0.07 0.55 -0.47 -1.10 
HT-115 -27.63 0.02 0.50 0.07 -0.11 
HT-140 -26.67 0.12 0.59 0.24 -0.29 
HT-175 -26.38 0.17 0.64 0.58 -0.73 
HT-200 -27.28 0.22 0.70 0.24 -0.79 
HB-3 -27.34 0.20 0.68 -0.24 -1.23 
 
 
 
